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Abstract 
The geochemical compositions of Porites lurea coral skeletons were determined in 
specimens collected from a range of different reef environments in Phuket, South Thailand. 
Specimens were analysed for stable carbon and oxygen isotopes and trace and minor 
elements. Geochemical variations between colonies from the same site equalled those 
observed between different sites. This possibly reflects genetic or growth rate differences 
between corals. Large variations in the trace element concentration ranges between colonies 
lead to widely varying estimates of distribution coefficients between seawater and coral. 
No seasonal variations in Mg, Rb, Sr, Ba and U were found in any of the corals analysed by 
ion microprobe or XRF. Corals are very heterogeneous with respect to these elements on a 
sub-millimetre scale and the entire concentration range of an element is frequently observed 
over a skeletal distance corresponding to less than one months growth. This heterogeneity far 
exceeded the Sr range expected from the Sr palaeothermometer. Heterogeneity may reflect 
variations in the composition and/or quantity of the organic matrix or regulation of coral 
tissue metal levels by the zooxanthellae. 
Anomalous high concentrations of magnesium and barium were observed on microborings 
and centres of calcification which permeate the coral skeletons. These may relate to organic 
materials, precipitates or sedimentary particles. Thorough cleaning of skeletal material prior 
to analysis is essential to remove this contamination of the coral aragonite. 
180 is inversely related to coral growth rate and may drive the annual oxygen isotopic trend. 
No evidence of the isotopic trends expected from seawater temperature data were found. 
13C and coral tissue chlorophyll a content are positively related, reflecting the impact of the 
algal symbionts on the dissolved inorganic carbon pool available for calcification. 
Corals which bleached in the summer of 1991 had significantly reduced linear extension and 
calcification rates than apparently unaffected corals. The outermost 1 mm of skeletal material 
was relatively enriched in both 13C and 180 reflecting a large reduction in coral 
skeletogenesis at the height of the bleaching event. However the amount of carbonate 
deposited at this time was so small that the effect was not observed during the analysis of 
larger samples across seasonal profiles. Material deposited in the months before and during 
the bleaching event was relatively depleted in 180  supporting the theory that positive 
temperature anomalies may have caused the bleaching. Whole or partial expulsion of 
zooxanthellae (or loss of their pigments) was manifest as a relative depletion in 13C. 
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Chapter One. Introduction 
1.1 Background 
Hermatypic (reef-building) corals preserve in their skeletons information about the physical 
and chemical conditions prevailing at the time of their deposition. This includes information 
on the temperature, chemistry and productivity of the surrounding seawater. Environmental 
variations may be reflected in the structure, growth rate and/or the composition of the 
skeleton. Massive corals may live for up to several centuries and can produce skeletons 
recording environmental data throughout this period. The study of the discrete annual bands 
produced in many massive coral skeletons can be used to accurately interpret carbonate 
deposition dates. The study of these bands is termed sclerochronology. The linear extension 
rates of massive corals (typically 1-3 cm year -1 ) are sufficiently high to allow sub-annual 
sampling and determination of seasonal environmental variations. Previous studies of coral 
skeletons have interpreted local environmental variations and more global perturbations, e.g. 
El Niflo/Southern Oscillation events, the Little Ice Age and industrial pollution. 
1.2 Study objectives 
The present study focuses on the massive coral Porites lutea. This species has been 
extensively used in the past in palaeoenvironmental studies. It is a major reef-building 
species and has a widespread global distribution, occurring over a wide range of depths and 
locations throughout the tropical Indo-Pacific. The possible longevity of the species coupled 
with its relatively rapid growth rate make it ideal for producing long and detailed 
environmental records. 
Previous work has shown that large variations in isotopic signature and in trace element 
concentration can occur between the different skeletal elements in coral polyps (Land et al. 
1975 and Amiel et at. 1973a respectively). Porites corals have very small corallites, typically 
-1 .5 mm in diameter. Samples produced from these corals for bulk methods of analysis 
usually contained carbonate from between three and five corallites and should average values 
for all skeletal elements. 
The present study seeks to understand the relationship between local environmental 
conditions at the time of coral skeletal deposition and the structure and composition of the 
skeletons. It is hoped that results from this study will provide a means of interpreting 
environmental conditions by the study of these coral skeletons. Only limited environmental 
data were available for the field area so skeletal characteristics were compared between 
radically different reef sites, representing different local environments. A variety of sites 
were sampled, ranging from inshore, muddy, polluted reefs to offshore, pristine 
environments. Study of the coral skeletons involved determination of stable oxygen and 
carbon isotopic composition and analysis of trace and minor element compositions. Elements 
studied include Mg, Ca, Fe, Mn, Cu, Rb, Sr, Ba, Pb and U. The nature and significance of 
geochemical variations are considered in relation to environmental differences between the 
sites. 
In addition, I present data concerning geochemical differences between corals from the same 
site and even between different axes of the same coral head. Scoffin et al. (1992) reported 
large variations in the growth characteristics (i.e. linear extension, skeletal bulk density and 
calcification rate) of Porites lutea colonies from the same location and water depth from reef 
sites around Phuket. The relationship between calcification rate and skeletal geochemical 
composition is considered. 
The coral skeletal structure was examined on a range of scales. Particular attention was paid 
to morphological differences in the internal structure, relating to centres of calcification and 
holes produced by microboring organisms. The trace and minor element composition of these 
areas were determined using electron and ion probes and the significance of such differences 
is discussed. 
1.3 Description of the study area 
Corals were collected from the Phuket province of South Thailand. Ko Phuket is an island on 
the south west coast of Thailand in the Andaman Sea at latitude 8 000'N and longitude 
98°20E. Approximately 40 km long, the island is separated from the mainland by only 
200 m. Figure 1.1 illustrates the study area in South Thailand and shows the position of the 
reef sampling sites. 
Weather 
The area has a monsoonal climate, with a dry north easterly monsoon from November to 
March and a wet south westerly monsoon from April to October. The region has high 
seasonal rainfall, averaging about 300 mm month in the wet season, resulting in substantial 
freshwater runoff, and averaging approximately 2300 mm year -1 . Sunlight hours measured at 
the Phuket town weather station are highest between November and May with particular lows 
in June and September. 
Figure 1. 1. Map of the study area in Phuket, South Thailand, showing the reef sampling sites Porites Bay (PB), Aquarium Reef (AQ), Ko Racha (KR) 
and Ko Miang, Similan Islands (SM). The 200m depth contour is shown and the position of the tin smelter on Ko Phuket is marked. 
t"Ko Miang 
	 99E 








Ocean - 	 - 
Cambodia 
H 
Study Area 	- L 














Ko Phi Phi 
Seawater temperature and salinity 
Seawater temperature data were collected from the pier station at the Phuket Marine 
Biological Centre from March 1981 to December 1986 and July 1990 to June 1992 (Vudichai 
Janekarn, pers. comm. 1992). Measurements were made immediately below the surface and 
at depths of 1, 2, 4, 6 and 7 metres. Temperatures varied by ±0.1-0.2°C over this depth range. 
Averages of the 2 and 4 m depth measurements are shown in Figure 1.2. Most of the corals 
were collected from depths of 2 to 4 m. Average seawater temperatures over this depth 
usually ranged from approximately 26°C (December - January) to 30°C (May - June). The 
anomalous high water temperatures observed in 1990/1991 are discussed in section 1.4. 
Local seawater has a relatively constant salinity of approximately 33%o (Limpsaichol 1981). 
Ocean currents 
Hydrodynamics are principally determined by the two monsoon seasons. During the south-
west monsoon airflow from the south-west results in the movement of surface waters north. 
On the east side of Ko Phuket these surface waters move up into Phangnga Bay and the 
bottom currents in the Bay move south. This situation is reversed during the north-east 
monsoon. Water turbidity at Porites Bay is generally greatest at this time as the winds blow 
onshore at this site and stir up the muddy sediments at the reef front. At the Aquarium Reef, 
the wind is onshore and water turbidity is generally greatest during the wet south-west 
monsoon. 
On the west side of Ko Phuket (and along the west coast of Thailand) the south-west 
monsoon winds coupled with the Coriolis effect cause surface waters to move away from the 
shore. These are replaced by deeper waters upwelling close to the shore. Upwelled waters are 
cooler than the surface waters they replace and are usually less depleted in nutrients. 
Upwelling in the Phuket area appears to be strongest during October - November (Thomas 
Kiorbe, pers. comm. 1991). Seawater productivity and temperature measurements suggest 
that upwelling in late 1990 was less intense than normal. 
Tin mining and smelting in the Phuket area 
A tin smelter, located on Phuket (see Figure 1. 1), has been in operation for almost thirty 
years and discharges effluent onto the adjacent reef flat. Brown and Holley (1982) found no 
significant differences in soluble metal concentrations at the tin smelter site compared to 
other sites on both sides of the south east peninsula of Phuket. 
Figure 1.2. Seasonal variations in seawater temperature, measured at the Pier station, Phuket Marine Biological Centre. 
















However, analysis of sediments and filter feeding bivalves indicated elevated concentrations 
of some metals at the tin smelter site. Brown and Holley also observed elevated 
concentrations of iron in intertidal rock pools along the reef at this locality. 
Offshore dredging of tin rich sediments occurs to the west of Phuket, within Phangnga Bay 
and in a small area to the south east of Phuket. This activity increases sedimentation in the 
area. In addition a deep water port was constructed to the north of the tin smelter in 
1986-1987. Water turbidity was elevated during the nine month operation as sediment was 
dredged at the site during construction of channels and to provide landfill for the port facility. 
The reef site at Porites Bay is approximately 0.5 km south along the coast from the tin 
smelter and may be exposed to discharged effluents. It is unlikely that the Aquarium reef site, 
on the opposite side of the peninsula, will be similarly exposed. However, Brown and Holley 
(1982) did report elevated concentrations of many metals in coral skeletons from several 
sites around the south east peninsula of Phuket compared with corals from Indonesia. 
1.4 The 1991 coral bleaching event 
Bleaching is a general term used to describe the lightening of coral tissue colour, usually due 
to a reduction in the number of zooxanthellae and/or loss of their photosynthetic pigments. 
Whilst a wide variety of environmental stimuli have been implicated in coral bleaching, the 
major bleaching events of the past decade have been correlated with periods of elevated sea 
surface temperature and/or increased irradiance. 
Extensive coral bleaching was observed in the Phuket area from early June 1991 onwards 
and affected many branching and massive coral varieties on the fringing reefs around the 
Phuket Marine Biological Centre. There were marked differences in the degree of bleaching 
in adjacent Porites colonies of apparently the same species. Apparently unaffected corals 
retained their usual dark brown pigmentation (Figure 1.3a) while bleached corals became 
very pale or even appeared white (Figure 1.3b). Partial recovery of pigmentation was 
observed in several bleached Porites colonies towards the end of July and over the following 
weeks many of the affected corals recovered to normal pigmentation (Niphon Phongsuwan, 
pers. comm. 1991). Surface seawater temperatures had been up to 2°C above normal since 
December 1990 and the bleaching event approximately coincided with the annual maximum 
of 32°C (Figure 1.2). In common with many other bleaching reports, there is good 
circumstantial evidence that this event was primarily temperature induced. 
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Figure 1.3. Underwater photographs of Porites lutea corals showing a) an unbleached coral colony 
from Porites Bay (PB9) and b) a bleached coral specimen, also from Porites Bay (PB7). Both coral 
colonies were photographed during July 1991. Each photograph represents an area ca. 10 x 6cm. 
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There is also evidence that local offshore upwelling was less intense than usual in October-
December 1990 (Thomas Kiorbe, pers. comm. 1991) and this may account for the 
temperature anomaly. 
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1.5 Reef sampling sites 
Corals were collected from four different reef sites: Porites Bay, Aquarium Reef, Ko Racha 
Yai and Ko Miang in the Similan Islands. The location of these reefs is shown in Figure 1.1. 
Porites Bay and Aquarium Reef have previously been described by Brown et al. (1986) and 
local differences in the relative exposure of all the reefs to wave action and sedimentation has 
been considered by Scoffin etal. (1992). These data are summarised below. 
Porites Bay and Aquarium Reef 
Both these inshore fringing reefs consist of 100-150 m wide inter-tidal reef flats with near 
vertical reef slopes leading down to muddy (terrigenous clay-rich) fore-reef sediments at 
3-4 m water depth (relative to Mean Low Water Springs tide level - todal range is Ca. 
1-3.5 m. The reef front, especially at Porites Bay, is dominated by large colonies of Porites, 
up to 4 m in diameter. During the wet season, turbidity is high as rainwater runoff flushes 
sediment into the sea. These sediments from the weathered granites and metamorphosed 
sedimentary rocks of Phuket Province are mainly comprised of the clay minerals kaolinite 
and illite. Suspended terrigenous solids at this time are frequently as high as 40 mg 11  and 
visibility is reduced to 1 m (Scoffin et al. 1992). High water turbidity continues throughout 
the dry season when the prevailing monsoon winds from the east create waves which stir up 
the fine sediments along the front of the reef. The reefs occur on opposite sides of the same 
headland, Porites Bay to the north, Aquarium Reef to the south, approximately 0.5 km apart. 
Ko Racha and Ko Miang 
The reefs of these exposed offshore islands develop principally in bays. Corals usually occur 
as isolated heads and clumps and although coral cover may be high, they do not fuse to form 
a significant reef flat structure. Suspended terrigenous solids are usually less than 1 mg l - I 
and underwater visibility is generally greater than 10 m (Scoffin etal. 1992). These offshore 
reefs are relatively exposed to wave action and, although turbidity is low, the corals are 
frequently subjected to saltating sands. 
1.6 Coral sampling, treatment and identification 
Coral sampling 
Porites lutea colonies occur in spherical to dome shaped forms up to 4 m in diameter. The 
upper surface may be hummocky with prominent knobs or heads having up to 30 cm relief. 
Colonies were sampled by removal of these heads, whole or in part, underwater using a 
hammer and chisel. Heads on several of the colonies were stained with alizarin red 5, prior to 
collection. This stain colours skeleton deposited during stain exposure and acts as a time 
reference plane. Details of sampling of individual coral heads i.e. date sampled, depth of 
colony, staining date (if applicable) and state (unbleached or bleached) in June 1991 are 
given in Appendix A. 
Treatment of samples 
Coral samples are commonly treated before geochemical analysis to remove the coral tissue 
present on the outside of the skeleton and the organic material which is dispersed throughout 
the skeleton. This organic material may be derived from the soft tissues of the coral animal, 
from an organic matrix used during calcification or from tissues of endolithic organisms. 
Organic materials containing proteins and/or chitin can have substantial metal binding 
capacities (Howard and Brown 1984) and different isotopic compositions from the 
surrounding carbonate (Swart 1981a). Estimates of the quantity of organic material in coral 
skeletons vary from 0.1-0.15% to 1.0% w/w (Wainwright 1964, Nearchos Theodorou pers. 
comm. 1993). Although organic materials appear to occupy only a fraction of the coral 
skeleton it is possible that their composition may contribute significantly to the geochemical 
signature overall. 
Suggested pretreatments for the removal of organics include heating in air, in vacuo or in 
helium or soaking and/or boiling in sodium hydroxide, sodium hypochiorite or hydrogen 
peroxide. Gaffey and Bronnimann (1993) assessed the efficiency of various solutions in 
removing organic material from Halimeda segments and from echinoid plates. They 
concluded that soaking samples in undiluted sodium hypochiorite (NaOCI), for up to eleven 
days, was most effective and lead to no detectable dissolution of the mineral components of 
the precipitates. 
The coral material analysed in this study was soaked in a diluted solution of sodium 
hypochiorite (ca. 3-4%) for 48 hours after collection and briefly rinsed in tap water. Material 
was shipped back to Britain and on arrival was soaked in a similar solution for 5-7 days and 
rinsed for 48 hours. Gaffey and Bronnimann (1993) concluded that dilution of NaOCI 
reduces the effectiveness of organic removal and causes minor pitting of the skeletal material 
due to the increased concentration of hypochlorous acid (HOC!). A more effective removal 
of the organic materials may have been obtained if the solution had not been diluted. 
However it is extremely unlikely that any pretreatment will be able to remove the organic 
materials which are finely disseminated throughout the carbonate in minute intercrystalline 
and intracrystalline voids. Weber etal. (1976) and Love and Woronow (199 1) were unable to 
remove all organic material from coral skeletons using sodium hypochiorite solutions. 
Love and Woronow (199 1) examined the effect of various pretreatments, utilised to remove 
organic materials, on the chemical composition of an abiogenic aragonite. All treatments, 
including soaking in sodium hypochiorite, caused significant decreases in the concentrations 
of Mg, Fe and Sr. The authors suggest that the decreases in Mg and Fe may relate to their 
occurrence primarily as adsorbed ions, resulting in preferential removal as a result of 
dissolution. They suggest that chemical changes induced by pretreatments may significantly 
affect subsequent geochemical determinations. The effect of chemical pretreatment on the 
coral samples must be considered when interpreting geochemical results, however treatment 
to remove organics was essential in this study due to the high degree of tissue contamination 
in the outermost parts of the coral skeleton. Sodium hypochlorite pretreatment did not appear 
to significantly affect the stable carbon or oxygen isotopic composition of the carbonate 
(Chapter 4). 
Coral identification 
Porites corals of different species are typically separated from each other by examination of 
the septal structures in the corallites. Corallite skeletal structure was examined by binocular 
microscope and scanning electron microscope. All corals used in this thesis exhibited 
morphological characteristics of Porites lutea (using the keys of Veron 1986). However there 
was considerable variation in morphology between colonies and even within the same colony 
e.g. between the top and sides. This is examined and discussed in Chapter 2. 
1.7 Sclerochronology of the Thai corals 
The study of seasonal bands in coral skeletons allows accurate dating of environmental 
perturbations recorded in the carbonate. Two types of banding have been observed: density 
bands, detectable by X-radiography, and fluorescent bands, visible under UV radiation. 
Density banding 
In many massive corals the most striking density banding is seasonal with one dense and one 
less-dense band produced each year. Finer scale banding has also been detected and may 
relate to lunar periodicity (Buddemeier 1974). Physical environmental factors reported to 
influence skeletal density include light (Macintyre and Smith 1974), temperature (Highsmith 
1979) and levels of suspended sediment (Dodge et al. 1974). Nutrient availability and 
reproductive activity of the coral may diminish the energy available for calcification and also 
affect skeletal density (Wellington and Glynn 1983). In general it is believed that low density 
bands are accreted during optimum growth conditions and high density bands are produced 
in non-optimum conditions. 
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Many of the coral collected from the Phuket area exhibited no definite seasonal density 
banding. Brown et al. (1986) reported marked differences in the timing of dense band 
deposition in Porites lutea corals separated by distances no greater than 1 km from around 
Phuket. They also observed the production of four density bands in one year at certain sites. 
The inconsistencies observed in density band production make this method unsuitable for 
dating growth in corals from around Phuket. 
Fluorescent banding 
Bright-dull fluorescent couplets are visible in some coral skeletons when exposed to UV 
radiation. Isdale (1984) correlated the bright yellow-green fluorescent bands in corals from 
Northern Australia with increases in local river discharges. Boto and Isdale (1985) and Susic 
et at. (1991) concluded that the bright bands result from the incorporation of enhanced 
concentrations of fulvic and humic acids derived from terrestrial plant material which 
become flushed into the sea. Susic etal. (199 1) suggested corals concentrate these acids in 
their skeletons during skeletogenesis. 
Scoffin et at. (1989a) were able to correlate fluorescent banding in Porites lutea specimens 
from Papua New Guinea with local rainfall records but were unable to obtain a clear 
relationship between rainfall and the banding in corals from Indonesia. Scoffin et al. (1 989b) 
concluded that the accretion of bright bands in corals from the Phuket region of South 
Thailand coincided with the dry season. If the bright-dull fluorescent banding in this area is 
due to freshwater run-off then some time-lag operates before the fluorescent compounds are 
incorporated into the skeleton. However deposition of bright/dull fluorescent couplets does 
appear to be an annual phenomenon (Scoffin et al. 1992). Figure 1.4 shows a photograph of 
the fluorescent banding in one of the corals used in their study. The coral was stained with 
alizarin red S in November 1988 and was collected in January 1990. The position of the stain 
line in relation to the fluorescent bands suggests that bright band accretion begins in 
approximately November. It should be noted that each annual fluorescent couplet may 
present 11.5 or 12.5 months growth dependant on the time of arrival of the exact cause of 
fluorescence. Despite these problems, there is no doubt that bright-dull couplets occur 
annually and represent the same period of growth at each reef site in the Phuket area. These 
fluorescent banding patterns are used to calculate carbonate deposition dates throughout this 
study. 
Figure 1.4. Fluorescent banding patterns in a Porites lutea coral, photographed under UV radiation. 
The coral was stained in situ with alizarin red S in November 1988 and collected from the field in 
January 1990 (scale bar in cm). 
1.8 Coral skeleton mineralogy 
Calcium carbonate usually precipitates in two different polymorphs: calcite which had a 
rhombohedral structure (with 6 fold co-ordination) and aragonite which is orthorhombic 
(with 9 fold co-ordination). Mineralogical structure affects both trace element substitution 
and isotopic composition of the carbonate. Substituting cations with smaller ionic radii than 
calcium e.g. Mg and Fe are energetically favoured in 6 fold co-ordination, while larger 
cations e.g. Sr, Ba and Pb are favoured by the larger orthorhombic structure. Calcite 
co-precipitating under the same conditions as aragonite is enriched by 1.8%o in 6 13C and 
depleted by 0.6%o in 6180  (Scoffin 1987). 
Calcite is the stable low temperature polymorph but scieractinian corals deposit almost 
exclusively aragonite, with the exception of some of the first formed elements of the larval 
basal plate which are calcitic (Vandermeulen and Watabe 1973). However diagenesis of the 
carbonate or deposition of calcitic cements may alter the coral skeletal mineralogy and 
increase the calcite proportion of the skeleton. The mineralogy of the coral skeletons 
collected for this study was examined by X-ray diffraction (XRD). Twenty 1.0 g samples of 
finely ground carbonate were prepared from five corals. A 2° - 60° trace was obtained for all 
12 
samples using a Philips PW 1800 X-ray diffractometer (operating at +40 kV and 50 ma using 
Cu Ku radiation). 
The samples were almost exclusively aragonite. One sample which contained a borehole, 
visible to the naked eye, contained Ca. 2% calcite. This increase in calcite is probably due to 
some diagenetic alteration or precipitation associated with the boring. Calcite was below the 
limit of detection (<1%) in all the remaining samples. These contained no visible borings and 
there is no mineralogical evidence of any diagenetic alteration. Areas of the skeleton 
containing visible borings were avoided during preparation of samples for geochemical 
analysis in this study. 
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Chapter 2. Microscope studies of coral skeletal morphology 
2.1 Introduction 
A variety of microscopical techniques were employed to examine the coral skeletal structure 
on a range of scales. Porites corals of different species are typically separated from each 
other by examination of the septal structures in the corallites. To aid identification of the 
corals, these structures were examined by binocular microscope and scanning electron 
microscope (SEM). The internal structure of the skeleton was examined in thin section and 
by SEM of broken coral surfaces. The external appearance of the coral wall was also 
examined by SEM. 
2.2 Methods and materials 
Whole coral pieces 
Whole coral pieces for corallite identification were cut as blocks, horizontal to the coral 
surface. Samples were removed from both the top and the sides of some coral heads. Samples 
of the internal and external structure of the coral wall were produced by fracturing coral 
pieces vertically by a sharp blow with a blunt instrument. Samples for SEM were cleaned in 
an ultrasonic bath, fixed to viewing stubs using epoxy resin and sputter-coated with gold. A 
colloidal, carbon based dag (brand name Aquadag) was applied to connect the sample to the 
stub to reduce sample charging. 
Thin section samples 
Polished thin sections (approximately 30 gm thick), prepared for ion microprobe analysis 
(section 5.2) were examined in transmitted light and by SEM (Cambridge Stereoscan 250). 
Centres of calcification, radiating aragonitic needles and microborings were all identified in 
transmitted light. Point counts were made on thin sections prepared from different corals to 
determine what volume of the skeleton is affected by centres of calcification and 
microborings. Samples for SEM were given a weak acid etch (0.1% HC1) to enhance the 
relief of the structure and were gold-coated as before. 
2.3 Results 
2.3.1 Surface morphology and identification of coral species 
A diagrammatic representation of a Porites corallite and the associated structures is shown in 
Figure 2.1. 
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triplet with free margins • 
	 single pallus 
fused triplet 
septa each corallite has one dorsal directive septum with two lateral pairs of septa arranged 
symmetrically on either side and one ventral directive septum with a septum on each side forming a 
triplet. The inner margins of the triplet may be free or fused. Fusion may occur on the actual inner 
margins (as illustrated) or may be via a crossbar. 
pali one palus (vertical pillar) is associated with the dorsal directive septum and four pali (usually the 
largest) are associated with the lateral pairs. Between one and three pali are associated with the triplet 
depending on the strength of fusion. 
denudes these vertical pillars occur along the top of the septa at fixed intervals. 
radii occurring deep within the corallite, these connect the pali to the columella. 
Porites lutea is morphologically similar to three other Porites species, which have been 
identified in the Phuket region. Diagrams of the corallite structure of the four species are 
shown in Figure 2.2. Porites lutea is distinguished from the other species in that the triplet is 
fused by a crossbar and does not have free margins. 
Despite careful handling, the outer skeletal elements became broken in several of the coral 
specimens. However, considerable morphological variation was still apparent between 
samples from within the same coral colony and between samples from the tops and sides of 
coral heads. 
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Figure 2.2. Diagrams summarising the skeletal morphologies of different Porites species (from Veron 
1986). 
Side view of septa 
P. lutea 
1.0-1.5mm 
Plan view of corallite 
P. lurea is characterised by live tall 
pall and five radii. The triplet is fused 
by a crossbar. 
P. lobata 
1.5 min P. lobara has eight weakly developed 
pall and a triplet with free margins. 
Septa have two denticles. 
P. solida 
. 1.5-2.0 mm 
	 P. solida has no pall, two (rarely 
three) denticles and a triplet with free 
:.. 	 margins. 
P. australiensis 
1.1-1.5 mm 
P. australiensis has eight large pall. 
The triplet usually has free margins. 
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Corallites at the top of most colonies display a relatively simple septal and denticle 
structure and have relatively thick intercorallite walls (Figure 2.3). Coyallites at the side of 
the same coral head, less than 20 cm away, exhibit a much more ornate structure inside the 
corallite and have relatively thin walls (Figure 2.4). Corallites at the side of the colonies also 
appear more shallow than those at the top. 
Considerable intercolony variation is also observed. At the two extremes, coral PB3 has deep 
corallites with thick walls and a relatively simple internal structure (Figure 2.5) while coral 
PB7 has shallow corallites with very ornate septa and denticles (Figure 2.6). Although these 
two corals have very different corallite structures, fused tridents were visible in both 
specimens, suggesting they are Porites lutea. 
2.3.2 Microborings and centres of calcification 
Several morphological features of the skeleton are visible when thin sections of coral 
material are examined in transmitted light. Centres of calcification are visible as dark lines 
frequently surrounded by a zone of brown colour (Figure 2.7a). The needle shaped aragonitic 
needles can be observed radiating from the centres of calcification to the surface of the coral 
skeleton. Dimensions of needles are approximately 1 x 1 x 30 Pm. Each centre of 
calcification and its associated crystals is called a trabecula. Centres of calcification 
examined by SEM appear as hollows (Figure 2.7b), approximately 6-10 pm across. This 
suggests that either these areas contain carbonate more susceptible to etching or they contain 
less carbonate than the surrounding trabeculae. 
Also visible in transmitted light are microborings in the coral skeleton. These appear as dark 
lines or channels, 3-8 tm in diameter (Figure 2.8a), and frequently run along the centres of 
calcification. Some microborings examined by SEM appear as hollows, similar to centres of 
calcification, while others appear to contain a residue (Figure 2.8b). It seems likely that this 
residue is epoxy resin which has penetrated boring holes in the skeleton during preparation of 
the thin section. The epoxy resin was resistant to the acid etch and remained as a residue on 
the thin section as the carbonate was dissolved. At some points, these boring holes enlarge to 
form boring chambers, 30-40 .tm long and up to 15 pm in diameter (Figure 2.9a and b). 
Point counts were made on eleven thin sections prepared from seven corals. Each point was 
identified as a 'normal' unaltered crystal area, a centre of calcification, a microboring or as 
both of the latter (raw counts in Appendix B). The percentage occurrence of each feature in 
the skeleton was calculated and is shown in Table 2.1. 
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Table 2.1. The percentages of thin section point counts occurring on unaltered areas of carbonate, on 
centres of calcification (CC) and on microborings. 
Coral Unaffected CC Microborings Microboring + CC 
PBI 91.2 8.1 0.7 0.0 
PB9 87.7 9.4 2.4 0.5 
AQ8 86.0 8.9 4.1 0.8 
KR4 91.2 7.1 1.7 0.0 
KR6 82.1 13.0 3.2 1.8 
SM! 85.5 13.2 1.1 0.1 
SM2 88.9 6.7 4.1 0.2 
Average 87.5 9.5 2.5 0.5 
On average, unaltered carbonate comprises 87.5% of the skeleton with centres of 
calcification and microborings accounting for 10.0% and 3.0% respectively. It is likely that 
the percentage values for centres of calcification and microborings are over-estimates. Thin 
sections can only be examined in two dimensions and no account is made of the depth of 
these features in the slide. For example, a centre of calcification, of diameter 10 pm, is 
visible throughout the 30 pm depth of the thin section when viewed in transmitted light.. 
Untreated whole pieces of the coral skeleton were also examined by SEM. Microboring holes 
can be seen penetrating the outside coral wall (Figure 2.10) and are also visible as holes and 
chambers in broken areas of the skeleton where the internal structure has become exposed 
(Figure 2.11). Many of these boring holes cut straight across the original aragonite structure 
and contain no evidence of any diagenetic alteration (Figure 2.12a and b). However some 
borings appear to contain a smooth material (either amorphous or exceptionally fine-grained) 
deposited over the aragonite. In Figure 2.13a and b, this material lines the boring hole and is 
especially visible at the top of the boring where the aragonite has been broken away leaving a 
thin sleeve' of lining jutting into the bore-hole. The boring in Figure 2.14 a and b also 
appears to contain a lining material. Part of this has become removed, in the centre of the 
photograph, exposing the underlying aragonitic structure. 
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Figure 2.10. SEM photograph of an coral wall showing microboring holes. 
Figure 2.11. SEM photograph of a broken coral fragment shoving microhoring h'k- and 
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2.4.1 Surface morphology and species identification 
Considerable variations in corallite morphology are observed between coral colonies and 
within the same colony. As part of a growth study (section 3.3), the growth rates of all the 
corals illustrated here were calculated for the nine month period prior to collection. Linear 
extension, skeletal bulk density and calcification rate (for nine months) are 10.1 mm, 
0.94 g cm-3 and 9.8 g cm-2 , respectively, at the top of coral PB9 and 4.5 mm, 0.88 g cm -3 
and 4.5 g cm-2  at the side. Linear extension, skeletal bulk density and calcification rate are 
4.5 mm, 1.0 g cm-3 and 4.5 g cm-2 for coral P137 and 17.9 mm, 0.68 g cm -3 and 12.7 g cm-2 
for coral PB3. 
There is no doubt that parts of coral colonies with relatively slow linear extension and 
calcification rates produce more ornate corallite structures than those with faster growth 
characteristics. Although a broad inverse relationship is observed between linear extension 
rate and skeletal bulk density (Section 3.3), the material deposited at the side of coral PB9 is 
less dense than that at the top of the colony. Corallites of faster growing colonies frequently 
appear to have relatively thick walls and this may account for increases in skeletal bulk 
density in these corals. 
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It appears that much of the observed variation in corallite morphology between colonies is a 
function of growth rate and this factor must be considered when attempting to identify 
Porites corals to species level. Tudhope etal. (1992) reported a gradation between corals in 
the Phuket area exhibiting characteristics of P. lutea (well fused tridents and thick or thin 
coral walls) through to those associated with P. lobata (weakly or unfused tridents and thin 
walls). Their study included some of the corals used in this thesis but did not consider the 
effect of growth rate on corallite morphology. Some of the specimens they could not 
conclusively identify are included in the sample collection of this thesis. All these corals 
exhibit morphological characteristics of Porites lutea (using the keys of Veron 1986). 
2.4.2 Microborings and centres of calcification 
Boring microorganisms produce small holes that permeate the coral skeleton. Boring algae 
(producing holes up to 15 pm diameter) and microfungi (holes 1-4 jim) secrete acids which 
etch boreholes in which the filaments reside (Scoffin 1987). While most boreholes contain no 
evidence of diagenetic alteration, a few appear to be lined with smooth amorphous or fine 
grained materials. These materials may be derived from mineral or organic secretions 
produced by the microborers or may result from precipitation of material from seawater. 
Scoffin (1987) recorded the precipitation of micrite, fine CaCO 3 crystals (of aragonite or 
magnesium calcite), along vacated bore holes and Bishop (1988) observed the precipitation 
of barite (barium sulphate) in microenviroments containing decaying organic material. 
There is little evidence that the lining materials observed here have precipitated randomly 
along vacated boreholes. Figures 2.13 and 2.14 show boreholes almost completely lined with 
very thin (sub-micron) layers of material. Inorganic precipitation into a vacated borehole 
would probably appear more random than this and would almost certainly extend further into 
the hole diameter. It seems more likely that precipitation occurred while the hole was still 
occupied, once the microborer had ceased secreting acids for CaCO 3 dissolution. 
Inorganic precipitates may be of a different mineralogical compositions to that of the 
surrounding coral aragonite. The seawater composition at the time of inorganic precipitation 
may be substantially different to that which was present when the surrounding coral 
aragonite was precipitated. In addition, microborers may alter the composition of seawater in 
the bore holes, affecting precipitation. Bathurst (1966) suggested that a 13C enrichment in the 
micrite of mollusc shells, relative to the host grains, was caused by selective utilisation of 
12C by local boring organisms, creating a relatively 13C enriched microenvironment from 
which inorganic precipitation occurred. 
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Microbonngs occupy a small volume of the coral skeleton (probably less than 3%) and only 
a fraction of these contain lining materials which are not derived from the coral. However if 
these precipitates are of substantially different chemical compositions to those of the 
surrounding coral aragonite, then they may make a significant contribution to the 
geochemical signature of the skeleton as a whole. Care must be taken when interpreting 
palaeoenvironmental conditions from chemical records determined by bulk methods of 
analysis. 
It appears that centres of calcification also represent more porous areas of the coral skeleton. 
Wainwright (1964) suggested that the brown colouration around centres of calcification is an 
optical phenomena caused by submicroscopic intercrystalline spaces which are filled with 
air. He found these areas contained less aragonite by volume than the peripheral zones and 
that they were more frequently bored by microalgae than other skeletal areas. This supports 
my findings that centres of calcification either contain less carbonate or carbonate more 
susceptible to acid etching. Although centres of calcification may initially be sealed inside 
the coral skeleton, microboring organisms may expose these porous areas to the in-flow of 
seawater. I am unable to find any evidence of precipitation or alteration of the aragonite 
along these centres of calcification. 
2.5 Summary 
I. Considerable variations in corallite morphology exist between colonies of apparently the 
same species and even within the same coral head. Calcification rate appears to be a major 
control on corallite morphology and must be considered when attempting to identify Porites 
corals. 
Microboring organisms produce holes which permeate throughout the coral skeleton and 
occasionally contain amorphous linings. These materials may be derived from inorganic 
precipitation from seawater or from secretions (organic or inorganic) produced by 
microboring organisms. 
Centres of calcification represent more porous areas of the coral skeleton, than the 
surrounding crystal areas. I found no evidence of precipitation of additional materials along 
these centres of calcification. 
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Chapter Three. Measurements of coral skeletal growth 
3.1 Introduction 
During a study of the growth characteristics of massive Porites lutea corals around Phuket, 
South Thailand, Scoffin etal. (1992) observed large variations in linear extension rate, 
skeletal bulk density and calcification rate between colonies from the same site, water depth 
and reef front location. In this chapter I investigate differences in the skeletal growth 
characteristics of the Porites !utea coral skeletons collected for this thesis. Variations in 
growth characteristics will be considered in relation to the stable isotopic and trace element 
composition of the coral skeletons in Chapters 4 and 6 respectively. 
There is some evidence that skeletal growth rate affects both trace element and stable 
isotopic composition of the coral skeleton. McConnaughey (1 989a) and Land et at. (1975) 
observed inverse relationships between growth rate and skeletal enrichment of 180.  Land et 
al. also observed a corresponding enrichment in 13C. Weber (1974) suggested that ions with 
larger radii than calcium e.g. Sr 2 , would be slower to diffuse to calcification sites and 
relatively fast skeletogenesis would discriminate against their uptake. Dodd (1965) suggested 
that slower growth would enable calcifying organisms to more effectively exclude 
contaminant ions from calcification sites. De Villiers etal. (1993) observed significant 
differences in the skeletal Sr content of two profiles from the same coral head, with higher Sr 
values associated with slower extension rates. 
In this chapter, differences in skeletal growth characteristics are considered between corals 
from different sites and in relation to the chlorophyll a concentration of the overlying coral 
tissue. Seasonal variations in linear extension rate are investigated and I examine the effect 
of the Phuket bleaching event (section 1.4) on coral growth. Tudhope etal. (1992) reported 
radically different susceptibilities to bleaching in adjacent Porites colonies of apparently the 
same species. I consider the effect of the bleaching event on both specimens which appeared 
completely bleached and those which appeared unaffected. Corals which appeared unaffected 
will be called unbleached while specimens which appeared white, apparently containing no 
zooxanthellae, will be called bleached. 
3.2 Previous work 
Scoffin et al. (1992) observed an inverse relationship between linear extension and bulk 
density in coral skeletons from around Phuket. In general, calcification rate and linear 
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extension showed a positive relationship. 
Scoffin etal. (1992) compared growth characteristics in corals from different sites around 
Phuket. They reported an inverse relationship between the average linear extension rates of 
corals from different sites around Phuket and the relative hydraulic energy (a function of 
wave action and tidal currents) of each site. They considered Aquarium Reef and Porites Bay 
to be sites of relatively low hydraulic energy compared to the reefs at Ko Racha and the 
Similan Islands. 
Charuchinda and Hylleberg (1984) investigated seasonal variations in skeletal extension rate 
in branching Acropora from the Aquarium Reef site. They reported an increase in skeletal 
extension rate during the dry monsoon (November to March) and concluded that this related 
to the increase in sunshine hours and in light transmission quality of the water i.e. reduction 
in suspended sediment at this time. Chansang etal. (1992) reported an approximate doubling 
in extension rate of massive Porites corals during the dry monsoon, although their 
observations were made on reefs to the north west of the island. Scoffin etal. (1992), 
however, correlated dense skeletal bands in corals from Porites Bay with an increase in wave 
action at the site during the dry monsoon. Increases in skeletal density correlated with a 
decrease in linear extension and calcification rate in other corals from the site. It is possible 
that seasonal variations in growth rate differ between the reefs at Porites Bay and the 
Aquarium site. Water turbidity at Porites Bay is generally greatest during the dry monsoon 
when the north east winds blow onshore at this site and stir up the muddy sediments at the 
reef front. At the Aquarium Reef, the wind is onshore and water turbidity is generally 
greatest during the wet south-west monsoon (April to October). 
Brown etal. (1986) described asynchronous deposition of dense skeletal bands in corals 
collected from different sites around the south east peninsula of Ko Phuket. They found no 
significant differences in the annual linear extension rates of the corals at the different sites, 
but corals from the north side of the peninsula (on the same side as the site at Porites Bay) 
were depositing dense skeletal material at the end of the dry monsoon when coral from the 
south side were depositing less-dense material. They related deposition of dense skeletal 
material to high rates of sedimentation and possibly reduced light levels. 
Tudhope etal. (1992) compared the skeletal growth characteristics of corals i.e. linear 
extension, skeletal bulk density and calcification rate, to susceptibility to bleaching in 
specimens collected during the Phuket bleaching event in July 1991. This study included 
some of the corals collected for this thesis. They were unable to prove a significant 
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relationship between any growth characteristic of the coral under the 'normal' conditions 
before the bleaching event (approximately November 1989 - November 1990) and the 
subsequent tendency to bleach under conditions of environmental stress. However, there is 
no doubt that the presence of zooxanthellae positively affects skeletal accretion (Goreau 
1959) and so the loss of algae and/or their pigments during bleaching may reduce coral 
calcification rates. For example, Leder etal. (199 1) observed a decrease in annual linear 
extension rate of up to 63% in Montastrea annularis specimens which bleached for 10-12 
months. This growth reduction correlated with a loss of low density from the annual density 
couplet. Unbleached specimens from the same area exhibited a slight or no decrease (81-
98%) in linear extension over this period. 
3.3 Variations in coral skeletal growth rate between reef sites 
3.3.1 Materials and methods 
Detailed growth rate measurements were made on the outermost growth interval of coral 
skeletons from eighteen colonies: nine from Porites Bay, four from Aquarium Reef and six 
from Ko Racha. Prominent coral knobs were removed from all colonies during a three week 
period in July 1991. All appeared unaffected by the coral bleaching event in progress at the 
time. 
Samples were sectioned along the axis of maximum growth to produce slices of 10-16 mm 
thickness which were then photographed under ultraviolet radiation to record fluorescent 
banding patterns. Bright-dull fluorescent couplets represent approximately annual growth in 
corals in this area, with bright band accretion beginning in approximately November (Scoffin 
et al. 1992). Linear growth rate, skeletal bulk density and calcification were calculated for 
each sample for the growth increment from the start of the last bright fluorescent band 
(approximately November 1990) to the outermost part of the coral skeleton (July 1991). 
Although this growth increment may not exactly correspond to the nine month period 
described, the same time interval was sampled from each coral, allowing intercolony 
comparisons to be made. Between one and seven samples were prepared from each coral. 
Linear extension was measured along the axis of maximum growth, and the skeletal bulk 
density of the growth increment was determined by cutting out a rectangular block of coral 
(approximately 1 cm x 0.5 cm x linear extension) and measuring its weight and volume 
(dimensions measured using callipers). Calcification for the time interval was calculated as a 
product of linear extension and skeletal bulk density. Repeat measurements on same samples 
indicated that errors in measurement were less than 5%. 
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To investigate the relationship between different growth characteristics Pearson's correlation 
coefficients, regression equations and levels of significance (method as in Wetherill 1982) 
were calculated between linear extension and both skeletal bulk density and calcification for 
the unbleached corals collected from Porites Bay. The Mann Whitney U test (a non-
parametric test, sensitive to differences between medians) was employed to test the statistical 
significance of growth characteristic differences between the corals from the different sites. 
3.3.2 Results 
Average growth rate measurements of each colony are shown in Table 3.1 (raw data in 
Appendix Q. 
Table 3.1. Average growth characteristics of unbleached corals from three different sites for the time 
intervals shown (PB = Porites Bay, AQ = Aquarium Reef, KR = Ko Racha). n = number of samples 
analysed from each colony. 
November July _1990_-_ 	_1991 Nov 89-90 
Coral Chl a Linear Extension Skeletal Density Calcification Linear 
(n) mgcm-3 mm ± Icr gcm 3 ± Ia gcm 2 ± 1(y Extension 
PB! (1) 15.7 8.5 0.95 8.1 14.0 
PB2 (1) 16.9 13.0 0.78 10.1 19.0 
PB3 (5) 11.1 18.8 0.4 0.68 0.03 12.7 0.6 25.0 
PB5 (5) 7.9 10.5 0.5 0.91 0.05 9.6 0.7 20.0 
PB6 (6) 18.9 7.8 1.3 1.00 0.11 7.8 1.7 19.5 
PB9 (7) 19.3 10.1 1.1 0.94 0.09 9.8 0.5 16.0 
PB13 (2) - 12.0 0.0 0.78 0.06 9.3 0.7 23.0 
PB!4(2) - 7.5 0.0 0.83 0.01 6.2 0.1 13.0 
PBI5 (2) - 10.0 0.0 0.96 0.14 9.6 1.4 14.0 
AQI (1) - 8.0 0.80 6.4 - 
AQ2(1) - 7.0 1.01 7.1 - 
AQ3 (1) - 13.5 0.83 11.2 - 
AQ4(1) - 7.0 0.90 6.3 - 
KR! (1) - 10.0 0.89 8.9 - 
KR2 (1) - 4.0 1.23 4.9 - 
KR3(1) - 12.0 1.07 12.8 - 
KR4(1) - 10.0 0.94 9.4 - 
KR5 (1) - 10.0 1.09 10.9 - 
KR6(1) - 9.0 1.16 10.4 - 
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Linear extension rate is plotted against skeletal density (Figure 3.1a) and calcification 
(Figure 3.1 b) for all the corals from Porites Bay. The relationship between linear extension 
and calcification shows a slight curvilinear trend but can be made linear by converting the 
linear extension data to natural log values (Figure 3.2). 
Figure 3.1. Regressions between linear extension rate and a) skeletal bulk density and b) calcification 
(calculated over a nine month period) in unbleached corals from Porites Bay. 
a) 
0 

















4 	 8 	 12 	 16 	 20 
Linear Extension (mm) 
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Regressions were performed between linear extension and skeletal density and ln(linear 
extension) and calcification. Equations, correlation coefficients and levels of significance are 
shown in Table 3.2. 
Table 3.2. Equations, correlation coefficients and levels of significance for regressions between 
growth characteristics of unbleached corals from Porites Bay. 
Linear Extension vs. Skeletal Density ln(Linear Extension) vs. Calcification 
Equation 	 y = 1.18- 0.026x y = 5.77x -4.07 
Correlation Coefficient 	-0.713 +0.887 
Significance 	 <0.001 <0.001 
Mann Whitney U values, calculated to test the statistical significance of growth characteristic 
differences between corals from the different sites, are shown in Table 3.3. Levels of 
significance were read from statistical tables for sample sizes of twenty or less (Lindey and 
Scott, 1984) or were calculated using the formulae in Cheeney (1983) for sample sizes over 
twenty. No significant differences are observed in the growth characteristics between corals 
from Porites Bay and Aquarium Reef. The corals at Ko Racha have significantly higher bulk 
densities and increased calcification compared to the corals at Porites Bay and Aquarium 
Reef respectively. 
3.3.3 Discussion 
There are no significant differences in the skeletal growth characteristics of corals from 
Porites Bay and Aquarium Reef over the approximate nine month period studied. Any 
asynchronous deposition of dense skeletal banding between the sites is not recorded here. 
However the nine month period studied included the coral bleaching event and these atypical 
conditions may have affected the usual growth patterns of local corals. Corals from Ko 
Racha deposit denser skeletons than corals at Porites Bay and have increased rates of 
calcification than corals at Aquarium Reef. This increase in density may reflect the increase 
in relative hydraulic energy at this site compared to Porites Bay and Aquarium Reef (Scoffin 
et al. 1992) These differences will be considered in relation to geochemical differences 
between corals in the following chapters. 
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Table 3.3. Mann Whitney U values between skeletal growth characteristics of unbleached corals from 
Porites Bay 0=32), Aquarium Reef (n=4) and Ko Racha (n=6). Levels of significance are shown 












Lin. Extension 36.0 9 
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Skeletal Density 63.0 8 
(n.s.) (n.s.) 
Calcification 37.5 3 
(n.s.) (0.025) 
Ko Racha 
Lin. Extension 77.5 
(n.s.) 




3.4 The relationship between skeletal growth rate and the chlorophyll a concentration 
of the overlying coral tissue. 
3.4.1 Materials and methods 
The relationship between skeletal growth rate and chlorophyll a concentration of overlying 
coral tissue was examined in samples from the maximum growth axes of five corals and from 
a single coral head. 
Variations between coral colonies 
The chlorophyll a concentration of the overlying coral tissue was determined in five of the 
unbleached coral specimens collected from Porites Bay (PB2, 3, 5, 6 and 9). Between two 
and five sample pairs were prepared from the maximum growth axis of each colony, 
consisting of chips of skeletal material and the overlying tissue layer. One half of each pair, 
approximately 1 cm 2 , was analysed for chlorophyll concentrations within an hour of 
collection (method detailed below) and the other half, approximately I x 0.5 x 2 cm (deep) 
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was returned to Britain for growth rate measurements (section 3.3) and geochemical analysis. 
The coral tissue analysis of each pair is called the overlying coral tissue although it is not 
actually possible to perform chlorophyll and skeletal analyses on exactly the same samples. 
Tissue and skeleton analyses from immediately adjacent samples should be comparable, 
within reason. 
Variations around a single coral head 
Multiple growth rate and chlorophyll measurements were also made across one of the other 
unbleached coral heads from Porites Bay (PB!). One slice was cut through the coral head, 
running along a north-south transect. A second slice was cut, at right angles to the first, 
running along a west-east transect. Sample pairs, consisting of chips of coral skeleton and the 
overlying coral tissue, were prepared from around each slice. 21 samples were prepared from 
around the north-south slice of the coral and 18 samples were prepared from around the west-
east slice of the coral. The placement of coral head PB I in relation to others on the reef and 
the preparation of samples from around the west-east slice are illustrated in Figures 3.3 and 
3.4 respectively. 
One half of each sample pair was analysed immediately for chlorophyll concentration while 
the remainder was returned to Britain for growth rate measurements (linear extension over 
the outermost growth interval only, i.e. an approximate nine month period). 
Figure 3.3. A diagrammatic representation of the position of coral head PB 1 in relation to other heads 
on the same and surrounding colonies. 
Coral P13  grew at the reef front, with the reef flat built up behind it to the south-west. Other coral 
heads in front of P13  i.e. to the east, were lower on the reef front and had little shading effect on PB I. 
Corals behind, to the west, were at the same height or above PB 1 and had a much more substantial 
shading effect upon it. 
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Figure 3.4. The position and numbering of sample pairs around the west-east slice from coral PB!. 
The width of the outermost growth interval (approximately November 1990 - July 1991) is shown. 












Each sample for chlorophyll analysis was approximately 1 cm 2 and consisted of an area of 
coral tissue and its underlying skeletal material. Samples were analysed according to the 
methodology of Jokiel and Coles (1974). In summary, the area of each sample was measured 
using callipers and the sample was finely ground in 10 ml 90% acetone using a mortar and 
pestle. Samples, including all the associated material, were decanted into glass test-tubes, 
wrapped in silver foil and stored in a refrigerator for 24 hours. At the end of this period the 
samples were shaken, centrifuged and the supernatant liquid decanted. The volume of the 
supernatant liquid was measured, it was diluted if necessary and the light extinction in 1 cm 
cells was measured in a Toshiba spectrophotometer at 750, 665, 645 and 630 nm. 
Concentrations of chlorophylls a , b and c were determined using the formulae of Strickland 
and Parsons (1968). Repeat analyses of replicates indicated that errors in measurement (1) 
were ±2% for chlorophyll a, and ±5% for chlorophyll h. Coral zooxanthellae contain no 
chlorophyll k so its presence was assumed to originate from contamination of the sample by 
filamentous algae which infest the coral skeleton below the layer of living tissue. Analyses 
performed on skeletal material containing only filamentous algae and no coral tissue showed 
that the chlorophyll : chlorophyll b ratio of these algae was relatively constant (chi Jchl 
1.32 ±0.09, 1 . Consequently the chlorophyll b concentration of the coral samples could be 
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used to determine the relative concentrations of chlorophyll a due to filamentous algae and to 
symbiotic zooxanthellae. The chlorophyll a concentration attributed to the zooxanthellae was 
corrected for differences in measured tissue surface area and supernatant liquid volume to 
give a chlorophyll a concentration in mg per cm 2 coral tissue. 
3.4.2 Results 
Coral tissue chlorophyll a concentrations and skeletal growth measurements for the samples 
prepared from the maximum growth axes of the six corals collected from Porites Bay are 
shown in Table 3. 1, section 3.3.2 (raw data in Appendix Q. The chlorophyll a concentration 
of the coral tissues is plotted against skeletal linear extension in Figure 3.5. No clear 
relationship is observed between the two variables. 
Figure 3.5. Skeletal linear extension rate (between approximately November 1990 and July 1991) 
versus the chlorophyll a concentration (mg cm -2 of coral surface) of the overlying coral tissue. Samples 
from the maximum growth axes of five coral colonies from Porites Bay. 
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Coral tissue chlorophyll a, concentrations and linear extension measurements for the samples 
prepared from around coral head PB I are given in Appendix D. Linear extension rates vary 
from 1 to 15 mm over the approximate nine month period studied while chlorophyll 
concentrations of the overlying coral tissues ranges from 0 to 22 mg cm -2 . A broad positive 
relationship is observed between linear extension and coral tissue chlorophyll a, concentration 
(Figure 3.6). A linear regression yielded the equation y = 6.90 + 0.85x (regression 
coefficient, r = +0.71). 
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Figure 3.6. Skeletal linear extension rate (between approximately November 1990- July 199 1) versus 
the chlorophyll a concentration of the overlying coral tissue. Samples from all around coral head PB 1, 
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3.4.3. Discussion 
No clear relationship is observed between linear extension rate and coral tissue chlorophyll a, 
concentration in the samples prepared from the maximum growth axes of the five unbleached 
corals from Porites Bay. There is some suggestion of a broad inverse relationship between 
the two parameters when considering all the corals except PB5. There is no known 
explanation for this. However the chlorophyll measurements, which were made during the 
bleaching event, may not accurately reflect relative pigment concentrations during the 
remainder of the growth interval (adjacent coral colonies exhibited widely varying responses 
to the bleaching event). 
Chlorophyll a concentrations are greatly reduced at the sides of coral PB 1, towards the base. 
This may relate to a decrease in the chlorophyll concentration of individual zooxanthellae or 
to a decrease in the numbers or size of zooxanthellae in the coral tissue. This could reflect a 
decrease in light available at the sides of the coral either due to a decrease in light intensity at 
greater depth or due to shading of the coral base by the surrounding colony heads. In 
addition, the increase in slope at the side of the coral means that the same area of incoming 
light will be distributed over a wider surface area of the coral. 
A broad positive relationship is observed between chlorophyll a concentration and skeletal 
extension rate around the coral head. There is no question that zooxanthellae positively affect 
skeletogenesis (Goreau 1959) and the relationship observed here may be a consequence of 
this. However it is also possible that the linear extension rate at the sides of the coral is 
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constrained by available space. 
3.5 Seasonal variations in skeletal growth rate 
3.5.1 Materials and methods 
Seasonal growth variations were investigated by two methods. Alizarin red S staining was 
used to produce time reference planes in corals to identify seasonal variations in linear 
extension rate. Linear extension is a good indicator of calcification rate (section 3.3). The 
seasonal variation in dissepiment spacing throughout the outermost growth interval were also 
examined. Barnes and Lough (1993) observed a slight annual periodicity in the dissepiment 
spacing in Porites corals from the Great Barrier Reef, Australia which may reflect seasonal 
growth rate variations. 
Alizarin red S staining 
Corals PBNEW 1, PBNEW2 and AQNEW (all unbleached) and coral PBNEW3 (bleached in 
the 1991 field season) were stained with Alizarin red S at the end of June 1991. Alizarin red 
S stains skeleton deposited during stain exposure and acts as a time reference plane. Corals 
were collected in July 1992 and sawed into approximately I 'thick slices along the axis of 
maximum growth. Linear extension rates from the beginning of the bright band before the 
stain (approximately November 1990) up to the stain (July 1991) were measured and 
compared with extension rates from the stain line up to the beginning of the next bright 
fluorescent band (approximately November 1991). Linear extension rates for the fluorescent 
couplet containing the bleaching event (approximately November 1990 - November 199 1) 
were compared with extension rates of the previous annual couplet. 
Dissepiment counting 
Thin sections (ca. 30jim thick) prepared for ion microprobe analysis (section 5.2) were 
photographed in transmitted light and large scale prints were produced. Material for thin 
section preparation had been photographed under UV radiation to record fluorescent banding 
patterns. Fluorescent patterns were superimposed onto thin section photographs, the numbers 
of dissepiments produced in the outermost growth intervals (approximately November 1990 - 
July 1991) were counted and the spacing between dissepiments were measured. 
Measurements were made from corals PB8, PB9 and from the two sets of thin sections 
prepared from coral AQ8. These two profiles were prepared from different slices from the 
same coral head. Although both profiles were prepared from the maximum growth axis of 
each slice, linear extension rates varied considerably between the two: 7.7 mm and 11.2 mm 
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for profiles AQ8a and AQ8b respectively. 
3.5.2 Results 
Corals PBNEW1 and PBNEW3 were badly bored by macroinvertebrates and were eliminated 
from the Alizarin red S study. Measurements of fluorescent band widths of corals PBNEW2 
and AQNEW are illustrated in Figure 3.7. Annual band widths for November 1989 - 
November 1990 and November 1990 - November 1991 are 22 and 17 mm and 22 and 18 mm 
for corals PBNEW2 and AQNEW respectively. Linear extension rates from approximately 
November 1990- June 1991 are 9.5 and 12 mm, while linear extension rates from July 1991 - 
November 1991 are 7.5 and 6 mm. 
Dissepiments are clearly visible in thin sections as fine lines running horizontally through the 
skeleton (Figure 3.8). A diagrammatic representation of the dissepiment spacing of the four 
profiles from the three corals is shown in Figure 3.9. 
Figure 3.7 Measurements of fluorescent band widths in coral PBNEW2 from Porites Bay and coral AQNEW from Aquarium Reef. All measurements in mm. Approximate carbonate deposition dates 
have been calculated from the banding. 
Nov '89 	Nov '90 	Nov '91 	July '92 
IVE -'p___________ 
pBNEw2: 22 mm 9.5 7.5: 8 
AQNEW : 22 mm 12 6 14 
KEY: 	Bright fluorescent bands 
4P'Ji$ Dull fluorescent bands 
Alizarin red S stain (28 June 1991) 
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Figure 3.8 Enlarged photographic print of a coral thin section (approximately 5 x 3.5 mm) showing 
vertical skeletal elements and horizontal dissepiments. 
Dissepiment spacing varies considerably within and between corals. The smallest individual 
spacing is 0.25 mm (AQ8b) and the largest is 1.27 mm (also AQ8b). It is possible that some 
dissepiments were lost during preparation of the samples. However no remains of broken off 
dissepiments could be found despite considerable effort. It is possible that some spacings 
were inaccurately measured due to the problems of "bubbles" forming between some 
dissepiments. Bubbling usually occurs in slow-growing or very bumpy colonies and results 
when the coral tissue lifts in bubbles rather than as a complete sheet (Barnes and Lough, 
1993). In general, "bubble" dissepiments were avoided by careful selection of axes for 
dissepiment counting and measuring. 
A broad positive relationship is observed between linear extension rate in the outermost 
growth interval and the number of dissepiments produced. Eight dissepiments were counted 
over the outer growth interval in profile AQ8a (7.7 mm) while eleven were counted over the 
same interval in profile AQ8b (11.2 mm). Actual spacing of dissepiments appears to be 
random and no trend is observed between corals. 
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Figure 3.9 Diagrammatic representation of dissepiment spacing in the outer skeletal growth interval 
(approximately November 1990- July 199 1) of two corals from Porites Bay and one from Aquarium 
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Seasonal variations in growth rate were examined by two methods. There is some variation 
in the proportions of skeleton (measured as linear extension) deposited before and after the 
July 1991 stain line in the two corals AQNEW and PBNEW2. 67% of total linear extension 
occurs before the stain line in AQNEW while only 55% occurs in PBNEW2. This may 
reflect typical growth variations between coral colonies or may relate to the difference in the 
influences of the monsoons at each site. The seawater at Porites Bay is generally more turbid 
during the dry monsoon (November - March) while the water at Aquarium reef is most turbid 
from April - October. Charuchinda and Hylleberg (1984) concluded that the increase in 
sunshine hours and decrease in water turbidity during the dry season at Aquarium Reef 
created the best conditions for Acropora growth. If the decrease in water turbidity (and 
relative increase in growth conditions) at Porites Bay does not occur until the wet monsoon 
(April - October) then it is reasonable to expect that corals from this site will deposit less of 
their annual growth between November and July, compared with corals from the Aquarium 
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site whose optimum growth period is November - March. These findings are supported by 
the findings of Brown et al. (1986) in their study on skeletal density banding in corals from 
this area. They found that corals on the north side of the peninsula (the same side as Porites 
Bay) were depositing dense skeletal bands at the end of the dry monsoon and less dense 
bands at the end of the wet monsoon. This situation was reversed in corals collected from 
sites on the south side of the peninsula, including the Aquarium Reef site. 
If bright band deposition begins in November, then the growth increment from this point to 
the stain line corresponds to approximately eight months (67% of the year). Corals AQNEW 
and PBNEW2 have extended 67% and 55% of their annual growth in this period. Although 
bright band deposition may begin any time from October - December, these observations on 
linear extension rates do not support previous findings of large seasonal variations in growth 
rate (Charuchinda and Hylleberg 1984; Chansang et al. 1992). 
It is possible that the bleaching event has influenced the extension patterns observed here and 
they may be atypical for corals from this area. A slight decrease (18 - 23%) is observed in the 
width of the fluorescent couplet deposited in the November 1990 - November 1991 growth 
increment compared to that deposited in November 1989 - November 1990. It is possible that 
this decrease reflects a genuine reduction in growth rate in the year containing the bleaching 
event. However in the following growth increment (November 1991 - July 1992) coral 
PBNEW2 only extended by 8 mm which is a further decrease compared to the 9.5 mm 
extension observed from November 1990- July 1991. This continuing decrease in growth 
rate may be a lingering effect of the bleaching event or may reflect a natural ongoing 
decrease in skeletal growth rate. It is impossible to be certain that the fluorescent couplets 
represent exactly the same length of time (the onset of the phenomena responsible for bright 
fluorescent bands may not occur at exactly the same time each year). It is not possible to 
draw any firm conclusions from this data due to the small sample sizes studied. 
I have not observed any seasonality in the spacing of dissepiments in corals from Porites Bay 
and Aquarium Reef. No correlation is observed between spacings or even numbers of 
dissepiments between corals. The number of dissepiments deposited in the outer growth 
interval is positively related to the skeletal extension rate of the coral. 
3.6 The effect of the bleaching event on skeletal growth characteristics 
3.6.1 Materials and methods 
Detailed growth measurements were made on skeletons of seven bleached corals collected 
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from Porites Bay during July 1991. Growth rate measurements were made on the outermost 
growth interval corresponding to approximately November 1990 - July 1991. The 
chlorophyll a concentration of the overlying coral tissue was determined in four of the 
bleached coral specimens. Between two and five sample pairs were prepared from the 
maximum growth axis of each of these colonies. One half of each pair, approximately 1 cm 2 , 
was analysed for chlorophyll concentrations within an hour of collection (method in section 
3.4) and the other half, approximately 1 x 0.5 x 2 cm (deep) was returned to Britain for 
growth rate measurements (section 3.3) and geochemical analysis. 
In addition, heads on eight of the colonies (four bleached and four unbleached) collected 
from Porites Bay were stained with Alizarin red S three weeks before collection to give an 
indication of growth rate during the bleaching event. Although the staining procedure itself 
may have influenced the growth rate of the corals in the subsequent three week period, the 
results of the experiment provide a qualitative indication of relative growth rates between 
bleached and unbleached colonies. Linear extension rates for the fluorescent couplet 
corresponding to approximately November 1989 - November 1990 were also measured for 
all bleached and unbleached corals collected from Porites Bay. 
Pearson's correlation coefficients, regression equations and levels of significance (method as 
in Wetherill 1982) were calculated between linear extension and both skeletal bulk density 
and calcification rate for the groups of bleached and unbleached corals collected from Porites 
Bay. The Mann Whitney U test was employed to test the statistical significance of 
differences between all growth characteristics of bleached and unbleached corals at Porites 
Bay i.e. for linear extension, skeletal bulk density and calcification rates for the period 
November 1990 - July 1991 and for linear extension rates for the period November 1989 - 
November 1990. 
3.6.2 Results 
Coral growth during the bleaching event 
All the corals (bleached and unbleached) treated with alizarin red S incorporated some of the 
stain into the skeleton. This suggests that despite the high degree of bleaching in some corals, 
all corals were still depositing calcium carbonate. The extensively bleached colonies 
incorporated only small amounts of the stain indicating extremely limited calcification in 
comparison with the apparently unaffected colonies which deposited distinct stain lines. In 
addition, the unbleached colonies deposited up to 1 mm of fresh carbonate over the stain line 
in the period between staining and sample collection (three weeks). The unbleached corals 
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appeared pale pink from the outside at the time of sample collection suggesting calcification 
rate over this three week period was insufficient to cover the original uptake of stain. In 
summary, the unaffected colonies appearing to be calcifying more quickly than those which 
were extensively bleached. 
Growth characteristic variations between bleached and unbleached corals 
Average growth rate measurements and chlorophyll a concentration of the overlying coral 
tissues for each coral are shown in Table 3.4 (data for individual samples in Appendix Q. No 
chlorophyll a detected in the analyses on the bleached corals was attributed to coral 
zooxanthellae i.e. all chlorophyll detected came from filamentous algae in the coral skeleton. 
Regressions were performed between linear extension and skeletal density and ln(linear 
extension) and calcification. Equations, correlation coefficients and levels of significance are 
shown in Table 3.5. These equations were compared to those obtained from analysis of the 
unbleached coral material from Porites Bay. The regressions lines between linear extension 
and skeletal density or calcification are not significantly different from each other for the 
bleached and unbleached corals (method as in Wetherill 1982). 
The Mann Whitney U values, calculated from comparing the growth characteristics of 
bleached and unbleached corals from Porites Bay, are shown in Table 3.6. 
Table 3.4. Average growth characteristics for bleached corals from Porites Bay over the time intervals 
shown. n = number of samples analysed from each colony. 
November _1990_-_  July _1991 Nov 89-90 
Coral Chi a Linear Extension Skeletal Density Calcification Linear 
(n) mgcm 3 mm ± 1Y gcm 3 ± IcN gcm 2 ± 1 Extension 
P134 (6) 0 5.0 0.6 1.08 0.04 5.4 0.6 11.0 
PB7 (6) 0 4.5 0.9 1.00 0.04 4.5 0.9 19.0 
PB8 (6) 0 5.0 0.6 0.99 0.06 4.9 0.4 15.0 
PB12 (5) 0 11.0 0.7 0.85 0.04 9.4 0.7 16.0 
PBI6(2) - 7.0 0.0 1.03 0.03 7.2 0.2 16.0 
PBI7 (2) - 5.0 0.0 0.98 0.04 4.8 0.2 13.0 
PBI8 (2) - 5.5 0.0 1.03 0.02 5.6 0.1 19.0 
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Table 3.5. Equations, correlation coefficients and levels of significance for regressions between 
growth characteristics of bleached corals from Porites Bay. 
Linear Extension vs. Skeletal Density ln(Linear Extension) vs. Calcification 
Equation 	 y = 1.15 - 0.026x y = 5.23x - 3.24 
Correlation Coefficient 	-0.713 +0.978 
Significance 	 <0.001 <0.001 
Table 3.6. Mann Whitney U values and levels of significance between growth characteristics of 
bleached (n=28) and unbleached (n=9) corals from Porites Bay (n.s. = not significant). 
Characteristic Mann Whitney Value Significance 
Linear Extension 106.5 <0.01 
(Nov '90- July '91) 
Linear Extension 19.5 n.s. 
(Nov 89 - Nov '90) 
Skeletal Bulk Density 240 <0.01 
Calcification 86.5 <0.01 
The bleached corals have significantly lower linear extension, calcification and higher 
skeletal bulk density than the unbleached specimens for the period approximately November 
1990-July 1991. There are no significant differences between linear extension rates of 
bleached and unbleached corals for the growth increment deposited before the bleaching 
event (approximately November 1989-November 1990). 
3.6.3 Discussion 
Corals which were visibly bleached during the bleaching event have significantly reduced 
growth characteristics during the approximate nine month period up to and including the 
bleaching event. Linear extension rates of these corals are not significantly different from 
those of unbleached corals for the previous growth interval (approximately November 1989 - 
November 1990). This suggests that the reduction in skeletogenesis is an effect of the 
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bleaching event i.e. the loss of zooxanthellae and/or their pigments, or it is an effect of the 
conditions leading up to it. It does not appear that corals which calcify slowly under normal' 
conditions are more susceptible to bleaching. This supports the findings of Tudhope et al. 
(1992) who suggested that skeletogenesis and tendency to bleach are controlled by 
substantially different parameters. 
The effect of the bleaching event on linear extension in unbleached corals is discussed in 
section 3.5. It is not possible to draw any conclusions regarding the effect of the bleaching 
event on the skeletal growth rates of these corals. 
3.7 Summary 
No significant differences are observed between the growth characteristics of corals from 
Porites Bay and Aquarium Reef. Corals at Ko Racha have significantly denser and 
significantly increased rates of calcification compared to corals at Porites Bay and Aquarium 
Reef respectively. 
A positive relationship is observed between skeletal extension and chlorophyll 
concentration of the overlying coral tissues, across a single coral head. This relationship is 
not observed between coral colonies. This may reflect the varying effect of the bleaching 
event on the coral tissue chlorophyll a concentration of different coral colonies. 
There is no evidence of any seasonal variation in skeletal growth rate. However typical 
seasonal variations may be masked by the effects of the bleaching event. 
Corals which had bleached in the summer of 1991 have significantly reduced linear 
extension and calcification during the growth interval November 1990 - July 1991 compared 
to corals which appeared unaffected. Bleached corals also have significantly higher skeletal 
bulk densities compared to unbleached corals at this time. There are no significant 
differences in the skeletal extension rates of bleached and unbleached corals in the growth 
interval before the bleaching event (approximately November 1989 - November 1990). The 
reduction in calcification in bleached corals is an effect of the bleaching event and is not a 
characteristic of corals which are more susceptible to bleaching. 
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Chapter Four. Stable carbon and oxygen isotopic composition of the coral skeletons 
4.1 Introduction 
The aragonite deposited by scieractinian corals is generally depleted in 13C and 180,  relative 
to equilibrium with ambient seawater. Seasonal variations in the stable carbon and oxygen 
isotopic composition have previously been related to: changes in seawater temperature, 
seawater isotopic composition and coral skeletal growth rate. In addition, 8 13C has been 
related to the photosynthetic activity of the coral tissue zooxanthellae, either through 
measurement of algal numbers and chlorophyll content or, more indirectly, to relative light 
availability. More recently, Gagan etal. (1994) suggested that skeletal 5 13C may reflect 
gamete production for the mass spawning event which occurs in corals from the Great 
Barrier Reef. 
In this chapter I investigate the effect of various influences on the stable carbon and oxygen 
isotopic composition of Porites lutea coral skeletons from the Phuket area of South Thailand. 
Scoffin etal. (1992) reported large variations in linear extension rate, skeletal bulk density 
and calcification rate between colonies from the same site, water depth and reef-front 
location in this area. Differences in the skeletal growth characteristics of different colonies 
are considered in relation to isotopic composition. In addition, I investigate differences in the 
isotopic compositions of corals from different reef sites and the relationship between the 
chlorophyll a concentration of coral tissue and the isotopic composition of the underlying 
skeleton. I have also studied seasonal variations and the effect of the bleaching event (Phuket 
1991, see section 1.4) on isotopic composition. 
4.2 Previous work 
Scleractinian coral skeletons are usually depleted in 13C and 180,  relative to equilibrium with 
ambient seawater. McConnaughey (1989b) attributed isotopic disequilibria to kinetic and 
metabolic effects. The former, resulting from kinetic isotope fractionation during CO 2 
hydration and hydroxylation, cause simultaneous depletion of 180  and 13C. They are 
responsible for all 180  depletion and much of the 13C depletion. Other 5 13C deviations, 
which are not associated with 8180  offsets, are attributed to metabolic isotopic effects caused 
by variations in the 5 13C of internal dissolved inorganic carbon (DIC) due to zooxanthellae 
photosynthesis and respiration. 12C is preferentially fixed by ribulose biphosphate 
carboxylase during photosynthesis so that the DIC pool becomes relatively enriched in 13C. 
Cummings and McCarty (1982) reported a positive relationship between 8' 3C and 
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zooxanthellae density in colonies of the temperate hermatypic coral, Astrangia danae. 
Respired CO2 is depleted in both 13C and 180  relative to the CO 2 source (McConnaughey 
1989b). The enzyme carbonic anhydrase accelerates 180  exchange between respired CO 2 
and H20, therefore input of CO 2 does not affect the isotopic composition of oxygen in the 
DIC pool. 
In addition, inorganic carbonate is systematically depleted in 180  as temperature increases 
(O'Neil et al. 1969). A similar relationship has been observed in biogenic carbonates and 
several palaeothermometer equations have been proposed for Porites corals, including: 
& - w = 0.594 - 0.209T (McConnaughey 1989a, coral from Galapagos) 
& - w = 0.641 - 0.214T (Chakraborty and Ramesh 1993, coral from the Arabian Sea, India) 
& = 180 of CO2 released by reaction of CaCO 3 with H3PO4 at 25°C (wrt PBD), 8w = 8 18
0 
Of CO2  equilibrated with supernatant seawater at 25°C, T = temperature (°C). 
These equations are in good agreement and correspond to a decrease in skeletal 8 180 of 
approximately 0.21%o per 1°C seawater temperature increase. However, not all authors have 
observed the skeletal 8180  variations expected from consideration of temperature dependent 
fractionation effects. Emiliani et al. (1978) observed only half the expected skeletal 8 180 
range predicted from seawater temperature data and Goreau (1977a) was unable to relate 
annual trends in 8180  to seawater temperature changes. These discrepancies could be due to 
some physiological effect and/or variations in seawater isotopic ratios. Such changes in 
seawater oxygen isotopic composition due to rainfall or evaporation are usually accompanied 
by changes in salinity (Lowenstam and Epstein 1957, Swart and Coleman 1980). 
There is some evidence that coral growth rate may influence the skeletal isotopic values. 
Land etal. (1975) observed greater depletion in skeletal 13C and 180  in the faster growing 
areas of single coral colonies and also in the faster growing skeletal elements from the same 
calice. McConnaughey (1989) observed an inverse relationship between linear extension rate 
and 8 180 in the outermost carbonate of a hermatypic coral, for those parts of the coral 
growing at less than 5 mm year -1 . For more rapidly growing parts of the coral, growth rate 
did not appear to have a significant effect. Emiliani etal. (1978) identified particularly dense 
stress' bands in corals which were associated with an interruption of the normal growth 
pattern. These bands were enriched in both 180  and 13C. 
Several authors have investigated the effect of coral bleaching on skeletal isotopic 
composition. Carriquiry etal. (1988) associated a band of isotopically light oxygen in Porites 
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lobata colonies from Costa Rica with an elevation in local seawater temperature, 
circumstantially responsible for the coral bleaching event. Leder etal. (199 1) were unable to 
identify such a band in some of the Montastrea corals they analysed after the 1987 Caribbean 
bleaching event. 
4.3 The relationship between linear extension rate and the stable isotopic composition of 
coral skeletons 
4.3.1 Methods and materials 
To assess the influence of growth rate on the stable isotopic composition of Porites lutea 
coral skeletons, I adopted two strategies: 
Growth increment experiment - the analysis of the isotopic composition of the same, fixed 
(Ca. 9 month) growth increment from different colonies and from replicate samples within 
the same colony. Isotopic composition is related to skeletal growth rate measured as linear 
extension, skeletal bulk density and calcification rate. 
Isotopic profile experiment - the construction of detailed isotopic profiles (usually 8-10 
samples per annual growth increment) across the three most recent years of growth in several 
coral colonies. Profile differences between and within corals are related to variations in linear 
extension rate. 
Growth increment experiment 
Analyses were made on nine corals collected from Porites Bay (PB 1, PB2, PB3, PB5, PB6, 
PB9, PB 13, PB 14, and PB 15). Stable isotope measurements were made on most of the 
samples prepared for growth rate measurements in section 3.3. In summary, samples were 
prepared from the outermost growth increment i.e. from the start of the last bright fluorescent 
band (approximately November 1990) to the outermost part of the coral skeleton (July 1991). 
Although this growth increment may not exactly correspond to the nine month period 
described, the same time interval is sampled from each coral, allowing intercolony 
comparisons to be made. A rectangular block of coral (approximately 1 cm x 0.5 cm x linear 
extension) was cut from the maximum growth axis of each coral skeleton. Between one and 
five sample blocks were prepared from each coral knob allowing intracolony comparisons to 
be made. The method for the determination of linear extension, skeletal bulk density and 
calcification rate is given in section 3.3. Repeat measurements on the same samples indicate 
that errors in measurement are less than 5%. 
All samples were treated with diluted (ca. 3-4%) sodium hypochlorite solution to remove 
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coral tissue (details in section 1.6). After pretreatment samples were rinsed in free flowing 
fresh water for 48 hours and dried at 50°C. Stable isotope ratios for alternate sodium 
hypochlorite-treated and untreated samples along a fluorescent band showed no significant 
differences (ö' 80= -5.66%o±0.05 and -5.68%o±0.04; 8 13C = -2.84%o±0.12 and 
-2.75%o±O. 16 respectively (all standard errors are l(y)). Pretreatment did not improve sample 
reproducibility, but was necessary to remove tissue and other organic contamination, 
particularly in the outermost samples. 
Analysis of isotopic composition 
Sample blocks were then analysed for stable carbon and oxygen isotopic compositions. Each 
block was ground to a fine powder immediately before analysis and a subsample of 0.09 to 
0.14mg weighed. Samples were reacted at 90°C with 100% orthophosphoric acid (s.g. 1.9) 
and the resulting CO 2  was analysed using a VG Isogas Prism mass spectrometer. The 
machine was calibrated using a standard marble reference (SM 1) and values were converted 
on a PDB standard. The standard deviation (1) for 100 analyses of the standard carbonate 
(SM 1), carried out over several months was ±0.068%o for 8 180 and ±0.054 %o for 813C. 
Duplicate analyses of coral samples gave replication (1) of better than ±0.05%o for oxygen 
and ±0.1 %o for carbon. Duplicate analyses on the outermost parts of the coral skeleton 
showed the highest carbon isotope variability, probably due to the presence of increased 
concentrations of organic material. Reproducibility of other carbon analyses was frequently 
better than ±0.05%o. 
Isotopic profile experiment 
Isotopic profiles were established for corals PB4 and PB9 from Porites Bay. Coral PB4 
became bleached during the Phuket bleaching event in July 1991 when these corals were 
collected. This colony is included here because of the large difference in linear extension rate 
between this coral and PB9 over the three year period examined. There is no evidence that 
the bleached corals deposited isotopically different profiles from unbleached corals (section 
4.7). Coral PB9 appeared unaffected by the coral bleaching event. 
A thin strip of skeletal material, approximately 3 x 3 mm, was cut along the axis of 
maximum growth of each coral, running from the start of the bright band deposited in about 
November 1988 to the outermost part of the coral skeleton (July 1991). A second series of 
samples was prepared from coral PB9, called PB9b. These samples were prepared from a 
growth axis close to the base of the coral which had a linear extension rate about half of that 
observed along the maximum growth axis (Figure 4.1). 
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Figure 4.1. Diagrammatic representation of the bright and dull fluorescent banding patterns in coral 
slice P139, showing sampling axes for isotopic profiles PB9a and PB9b. 
Bright bands 	H Dull bands 
\ 	 N 	PB9b 
' 1 
2 cm 
Each strip was subdivided using a fine scalpel blade into samples of measured length. 
Between eight and ten samples were usually produced from each annual fluorescent couplet. 
Samples were ultrasonically cleaned, dried at 50°C and analysed for stable isotopes of carbon 
and oxygen (as above). 
4.3.2 Results 
Growth increment experiment 
Skeletal growth rate and stable isotope measurements are shown in Appendices C and E 
respectively. 6180 values vary from -5.18 to - 6.16%o and 6 13C values from -2.47 to 
-4.51 %o. Regressions were calculated between the carbon and oxygen isotopic values and all 
the growth rate measurements (Figures 4.1 and 4.2 respectively). Regression equations are 
superimposed onto each graph and Pearson's correlation coefficients and levels of 
significance are shown in Table 4.1. 
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Figure 4.2. Regressions of 8 13C of the outer skeletal growth interval (approximately November 1990 - July 1991) versus a) linear 
extension, b) skeletal bulk density and c) calcification rate. Standard errors for isotope and growth measurements are shown on one 
point on graph c). 
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Figure 4.3. Regressions 
of  8180 of the outer skeletal growth interval (approximately November 1990- July 1991) versus a) linear 
extension, b) skeletal bulk density and c) calcification rate. Standard errors for isotope and growth measurements are shown on one 
point on graph c). 
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Table 4.1. Pearsons correlation coefficients between growth rate measurements and the stable isotopic 
composition of the outer growth increment in unbleached corals from Porites Bay. Levels of 
significance are shown in parentheses. 
6180 	 813C . 
	
Linear Extension 	 -0.82 (0.001) 	 -0.34 (0.05) 
Skeletal Density 	 +0.70 (0.001) 	+0.36 (0.05) 
Calcification Rate 	 -0.69 (0.001) 	 -0.15 (0.30) 
There are good correlations between all growth measurements (linear extension, skeletal 
density and calcification rate) and 6180 (all significant at the 0.001 level). Correlations 
between 6 1 3C and all the growth rate measurements are very poor. 
Multiple isotope measurements were made on four of the coral heads (P133, PBS, PB6 and 
P139, see Figure 4.4). Only the samples from colony PB6 exhibit a similar linear extension 
versus 6180 relationship, within colony. The lack of a clear intracolony relationship in the 
other corals is discussed later. 
Figure 4.4. Plot of 8 18 0 versus linear extension for multiple samples from four coral colonies. 
Standard errors (lo) of isotope and growth measurements are shown on one point. 
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Isotopic profile experiment 
Fluorescent banding patterns for the corals PB4 and PB9 for the period November 1988 to 
July 1991 are diagrammatically illustrated in Figure 4.5. Bright fluorescent bands from PB9b 
and PB4 are similar widths to those of PB9a at the beginning of the record in November 1988 
(widths are all approximately 5 mm). Linear extension rates subsequently diverge and by the 
outermost growth increment band widths in these corals are less than half the width of PB9a 
(outermost growth increment widths are 3.5, 4.5 and 10 mm respectively). 
Figure 4.5. Diagrammatic representation of the fluorescent band widths along coral axes PB9, PB9b 
and PB4. 
Approximate deposition dates, calculated from fluorescent banding 
lI. 
Scale: 	 Key: 
U[SI MM __I  Bright TI  Dull I1T 
Seasonal oxygen and carbon isotope trends are shown in Figure 4.6 (raw data in Appendix 
F). The relative position of each sample in the annual band has been calculated by dividing 
the distance of the middle of each sample along the annual band by the width of the annual 
band. This allows all the corals to be shown on the same chronological axis, despite 
variations in linear extension rate between corals. All 8 180 profiles show similar seasonal 
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Figure 4.6. Seasonal variations in the stable carbon and oxygen isotopic composition of two corals 
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trends, but while values from PB4 and PB9b are similar to those of PB9 at the start of the 
record (November 1988), they show a greater enrichment in 180  as the record proceeds. By 
July 1991 these corals are depositing 8 180 0.5-0.8%o higher than the faster growing material 
in coral PB9. 
All corals show similar 8 13C annual trends but records from different corals or even from 
different axes show widely varying values. Carbonate 81 3C from the side of coral PB9 is 
usually lower than that at the top of the coral by -1.0-l.5%o. 813C  in coral PB4 is enriched by 
1.0-1 .5%o compared to the material deposited by coral PB9a. 
4.3.3 Discussion 
Calcification rate and/or linear extension and 5 180 show a strong inverse relationship in the 
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outer growth increment data. McConnaughey (1 989b) suggested that oxygen isotopic 
disequilibria occur due to discrimination against the heavier isotopes during hydration and 
hydroxylation of CO 2  in the extracytosolic calcifying fluid (ECF) immediately before 
calcification. To maintain these disequilibria in the carbonate, calcification rate must be 
sufficiently high that the C0 3 2  units in the crystal are buried before they can isotopically 
equilibrate with the H 20 present in the ECF, which is isotopically indistinct from sea water. 
McConnaughey suggested that during slow calcification, substantial equilibration may occur 
and the carbonate isotopic composition may approach equilibrium values. The oxygen 
isotopic profiles presented here support this theory, with the slowest growing corals 
depositing carbonate closest to expected equilibrium values. The decrease in linear extension 
(and calcification rate) in the slow growing corals (PB4 and PB9b) may be responsible for 
the relative enrichment of 180 in the skeleton. Linear extension rates in PB4 and PB9b for 
the fluorescent couplet November 1988-November 1989 are 14 and 10 mm respectively. In 
the approximate nine month interval from November 1990, linear extension rates are 4.5 and 
3.5 mm and it seems likely that linear extension for the annual band, November 1990 - 
November 1991, would have been approximately half that of 1988-1989. A decrease in 
annual linear extension of approximately 5-8 mm corresponds with a relative 180  enrichment 
of 0.3 - 0.5%o in the skeleton (calculated from the regression equation determined in Figure 
4.2). This is in reasonable agreement with the observed shift of 0.5 - 0.8%o. 
The growth rate/oxygen isotopic relationship is rarely apparent between multiple samples 
from the same colony and the reason for this is unclear. Boundaries between bright and dull 
fluorescent bands are not sharp and it is possible that not all samples covered exactly the 
same time interval. It is also possible that very local differences in growth rate occur across 
the colony throughout the year and this may account for some of the observed scatter. 
No significant relationship is observed between 8 13C and any of the growth rate 
measurements. In the isotopic profile analyses, all corals had similar rates of linear extension 
at the start of the profile (approximately November 1988) but deposited widely varying 8 13C 
values. McConnaughey (1989a) suggested that departures from the 13C value expected due 
to kinetic behaviour are due to modification of the dissolved inorganic carbon (DIC) pool 
either due to zooxanthellae photosynthesis or because of the incorporation of respired CO 2 
(from both coral and algal). The relationship between zooxanthellae and 6 13C is examined in 
the next section. 
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4.4 The relationship between skeletal isotonic composition and chlorophyll a 
concentration of the overlying coral tissue. 
The relationship between coral tissue chlorophyll a concentration and linear extension rate of 
the underlying skeleton is investigated in section 3.4. A positive relationship is observed 
between skeletal extension and chlorophyll a concentration of the overlying coral tissues, 
across a single coral head. This relationship is not observed between coral colonies. However 
the chlorophyll measurements, which were made during the bleaching event, may not 
accurately reflect relative pigment concentrations during the remainder of the growth interval 
(adjacent coral colonies exhibited widely varying responses to the bleaching event.). In this 
section I investigate the relationship between the chlorophyll a concentration of coral tissue 
and the isotopic signature of the underlying skeletal material. 
4.4.1 Materials and methods 
The relationship between coral tissue chlorophyll a and skeletal isotopic composition is 
examined in samples from the maximum growth axes of several corals from Porites Bay and 
in multiple samples from around a single coral head. 
Variations between coral colonies 
Stable isotope measurements were made on samples from five of the unbleached coral 
specimens collected from Porites Bay (PB 1, PB3, PB5, PB6 and PB9). Sample pairs were 
prepared from these colonies for skeletal growth rate measurements and analysis of tissue 
concentrations of chlorophyll a (section 3.4). Between two and five sample pairs were 
prepared from each colony, consisting of chips of skeletal material and the overlying tissue 
layer. One half of each pair, approximately 1 cm 2, was analysed for chlorophyll 
concentrations within an hour of collection (method in section 3.4) while the other half, 
approximately 1 x 0.5 x 2 cm (deep) was returned to Britain for growth rate measurements 
and geochemical analysis. The coral tissue analysis of each pair is called the overlying coral 
tissue although it is not actually possible to perform chlorophyll and geochemical analyses on 
exactly the same samples. Tissue and skeleton analyses from immediately adjacent samples 
should be comparable, within reason. Details of growth rate measurements and their 
relationship with coral tissue chlorophyll a concentrations are given in section 3.4. The 
results are summarised in the introduction to this section. 
Skeletal samples prepared for growth rate measurements were subsequently analysed for 
stable isotopes of carbon and oxygen. The outermost 1 mm (approximately) of the skeleton 
was scraped away using a fine scalpel blade, immediately prior to analysis. The material 
58 
collected was finely ground and a subsample of 0.09-0.14 mg was weighed. Samples were 
analysed using a VG Isogas Prism mass spectrometer as detailed above (section 4.3). 
Duplicate analyses of coral samples gave replication (I ) of better than ±0.05%o for oxygen 
and ±0.1 %o for carbon. 
Variations around a single coral head 
Stable isotope measurements were performed on multiple samples prepared from around a 
single coral head. Multiple sample pairs were prepared from around coral PB 1 for skeletal 
growth rate measurements and analysis of tissue chlorophyll a (section 3.4). Samples 
prepared for growth rate measurements were subsequently analysed for stable isotopes Once 
again the outermost 1 mm of the skeleton was scraped away using a fine scalpel blade and 
analysed as before. 
4.4.2 Results 
Variations between coral colonies 
The stable isotope measurements determined for the five corals from Porites Bay are shown 
in Appendix E. 6 13C and 6180 vary from -2.70 to -5.22%o and from -5.28 to -6.94%o 
respectively. The chlorophyll a concentrations determined in the other halves of each sample 
are shown in Appendix C and vary from 5.7 to 22.2 mg cm -2 . Regressions of 6 13C and 6180 
versus chlorophyll a, concentration are shown in Figure 4.7a and b. The calculated regression 
equations are superimposed onto each graph. Pearson's correlation coefficients and levels of 
significance for each regression are shown in Table 4.2. 
Table 4.2. Pearson's correlation coefficients between coral tissue chlorophyll a concentration and 8 13 C 
and 8180 of the underlying skeletal material for multiple samples from five coral colonies from Porites 
Bay. Levels of significance are shown parenthetically. 
6180 	 6' 3C 
Chlorophyll a concentration 	+0.02 (0.90) 	+0.64 (0.001) 
A reasonable correlation is observed between the chlorophyll a concentration of the 
overlying coral tissue and 6' 3C of the skeletal material (r = 0.64), significant at 0.001. There 
is no significant relationship between skeletal 6180  and coral tissue chlorophyll 
concentration. 
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Figure 4.7. Regressions between chlorophyll a concentration of the coral tissue and a) 8 13C and 
b) 6180 of the underlying coral skeleton in samples from the maximum growth axes of five corals from 
Porites Bay. Regression equations and standard errors of chlorophyll analysis are shown. Errors of 
isotope measurements (l(T) are approximately the same size as the symbols. 
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Variations in isotopic composition around a coral head 
Chlorophyll a measurements and stable isotope measurements around coral head PB I are 
shown in Appendix D. Chlorophyll a measurements vary from 0.0 to 21.6 mg cm -2 . 6 13C 
and 6180 of the associated skeletal material vary from -1.95 to -6.27%o and from -5.34 to 
-6.28%o respectively. Regressions between chlorophyll a concentrations and skeletal 6 13C 
and 6180 are shown in Figure 4.8 a and b. Calculated regression equations are superimposed 
onto the graphs and Pearsons correlation coefficients are shown in Table 4.3. A reasonable 
correlation is observed between the chlorophyll a, concentration of the overlying coral tissue 
and 6 13C of the skeletal material (r = +0.56), significant at 0.001. There is no significant 
relationship between skeletal 6180 and' coral tissue chlorophyll a concentration. 
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Figure 4.8. The relationship between chlorophyll a concentration of coral tissue and a) 6 13C and 
b) 8180 of the underlying skeleton from around two slices from a single coral head (PB!). Regression 
equations and standard errors (l(Y) of chlorophyll analysis are shown on each graph. Errors of isotope 
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Table 4.3. Pearson's correlation coefficients between coral tissue chlorophyll a concentration and 8  13C 
and ö' 80 of the underlying skeletal material for samples from around colony head PB 1. Levels of 
significance are shown parenthetically. 
5180 
Chlorophyll , concentration 	-0.05 (0.80) 	 +0.56 (0.001) 
4.4.3 Discussion 
A positive relationship is observed between skeletal 51 3C and chlorophyll a concentration of 
the overlying coral tissue both in samples from the maximum growth axes of five corals from 
Porites Bay and in samples from around a single coral head. This reflects variations in the 
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81 3C of internal dissolved inorganic carbon (DIC) available for calcification. 12C is 
preferentially fixed in photosynthesis by the enzyme ribulose biphosphate carboxylase 
leaving the DIC pool, and subsequently the deposited carbonate, relatively enriched in 13C. 
Measurement of chlorophyll a concentration of coral tissues appears to reflect the relative 
photosynthetic activities of the zooxanthellae. 
As expected, no relationship is observed between skeletal 8180  and chlorophyll 
concentration of the overlying coral tissue. Although respired CO 2 , produced by both the 
coral and the zooxanthellae, is depleted in 13C and 180  relative to the DIC pool, the enzyme 
carbonic anhydrase accelerates 180 exchange between respired CO 2 and H20. 
McConnaughey (1989a) suggested the 8180  of H20 in coral tissue is in equilibrium with 
seawater hence 0 exchange between CO 2 and H20 will remove any relative enrichment of 
160 in the DIC pool. 
4.5 Seasonal variations in stable isotopic composition in corals from Porites Bay 
4.5.1 Methods and materials 
Seasonal variations in the stable carbon and oxygen isotopes were established for three corals 
from Porites Bay: P137, PB8 and P139. Corals PB7 and P138 were bleached at the time of 
collection i.e. contained no visible zooxanthellae. Coral PB9 appeared unaffected by the 
bleaching event. Sample profiles were prepared from the maximum growth axis of each coral 
from the start of the bright band deposited in about November 1988 to the outermost part of 
the coral skeleton (July 1991). Samples were prepared, treated and analysed by the method 
detailed in section 4.3.1. Duplicate analyses of coral samples gave replication (1 ) of better 
than ±0.05%o for oxygen and ±0.1 %o for carbon. 
4.5.2 Results 
Seasonal variations in & 3C and 8180 are shown in Figure 4.9 (raw data in Appendix F). The 
relative position of each sample in the annual band has been calculated by dividing the 
distance of the middle of each sample along the annual fluorescent couplet by the width of 
the couplet. This allows all the corals to be shown on the same chronological axis, despite 
variations in linear extension rate between corals. 
All the coral show similar trends in 8 13C and 8180.  Each coral exhibits an annual 8 180 range 
of 0.4 -0.6%o with the isotopically lightest oxygen deposited around the beginning of the 
bright fluorescent bands (approximately October-December) and the heaviest deposited 
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Figure 4.9. Seasonal variations in 8 13C and 8 180 in three corals from Porites Bay. Standard errors 
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between bright bands (approximately April - June). Corals PB8 and PB9 deposit similar 
values of 8 180 but coral P117 generally deposits higher 8 180 values (by about 0.3%o). Each 
coral exhibits an annual 8 13C range of 1.2-2.0%o with the isotopically lightest carbon 
deposited around the beginning of the bright fluorescent bands (approximately October-
December) and the heaviest deposited between bright bands (approximately June-July). 
Corals PB9 and P137 deposit similar values of 6 13C but coral PB8 deposits carbonate 
relatively enriched in 13C (by about 1.0-1.5%o). 
4.5.3 Discussion 
Oxygen isotopic composition 
Coral PB7 generally deposits higher 8180  values than the other two corals. The reason for 
this is not clear. There is little variation in skeletal linear extension rate between the corals 
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over the time period analysed: 46, 43 and 45 mm in corals PB7, PB8 and PB9 respectively. 
The relative 180 enrichment observed in coral PB7 does not appear to reflect growth rate 
variations between corals. The offset may reflect some genetic difference between the corals 
which alters the extent of isotopic disequilibria between them. 
Seasonal variations in oxygen isotopic composition have been successfully related to 
seawater temperature change by several authors (McConnaughey 1989a, Chakraborty and 
Ramesh 1993). Seawater temperature data for the Phuket area were not available for the time 
period over which the oxygen isotopic profiles were established. However some 
measurements were collected from the pier station at the Phuket Marine Biological Centre 
from March 1981 to December 1986 and July 1990 to June 1992 (Vudichai Janekarn pers. 
comm. 1992, Figure 1.2). Average seawater temperatures usually ranged from approximately 
26°C (December - January) to 30°C (May - June). The observed range of skeletal 8 180 (0.5-
0.6%o) correlates well with the range predicted from seasonal variations in seawater 
temperature (3-4°C = 0.6-0.8%o, using McConnaugheys equation, 1989a). However if the 
observed seasonal variations in 8180  were a function of seawater temperature then the lowest 
180 carbonate would be deposited in May-June, approximately halfway between the start of 
each bright fluorescent band. This is not the case and I conclude that some other influence 
dominates 8 180 variations and effectively masks any trend attributable to temperature 
effects. 
Rainfall, seawater evaporation, freshwater runoff and/or ocean circulation may significantly 
alter the oxygen isotopic composition of local seawater. However, it is unlikely that these 
factors cause the 5180  trend seen here. Rainfall and freshwater runoff, which deplete 
seawater 8180, are highest during the wet monsoon (April to October). However lowest 
skeletal 8180 values are not deposited until around October-December. In addition, changes 
in seawater oxygen isotopic composition due to rainfall or evaporation are usually 
accompanied by changes in salinity (Lowenstam and Epstein 1957; Swart and Coleman 
1980). Salinity at the Phuket Marine Biological Centre is relatively constant throughout the 
year (Limpsaichol 1981). 
There is an inverse relationship between 5 180 and calcification rate in the corals from this 
area (section 4.3) and this may affect seasonal variations in 8 1 80. I found no evidence of any 
seasonal variation in skeletal growth rate (section 3.5) but typical variations may have been 
masked by effects of the coral bleaching event in progress at the time. Both Charuchinda and 
Hylleberg (1984) and Chansang etal. (1992), observed seasonal variations in growth rate in 
branching Acropora and massive Porites corals from the area. Linear extension rates were 
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approximately doubled in the dry monsoon (November to March) compared to the wet 
monsoon (April to October). In this study, lowest and highest skeletal 5 180 are deposited 
around October - December and June - July respectively. I suggest that seasonal variations in 
growth rate may be partly responsible for the annual oxygen isotope trend. 
Carbon isotopic composition 
Coral PB8 generally deposited carbonate relatively enriched in 13C compared to corals PB9 
and PB7. Skeletal 8 13C and chlorophyll a concentration of the overlying coral tissue are 
positively related and the relative enrichment of coral PB8 may reflect a reduction in the 
numbers or chlorophyll concentration of zooxanthellae in this coral relative to the other two. 
Seasonal trends in 8 13C are similar to those of 8 180. However skeletal 8 13C and calcification 
rate do not appear to be related (section 4.3). McConnaughey (1989a) suggested that 
departures from the 8 13C expected from kinetic behaviour are due to algal modification of 
the dissolved inorganic carbon pool. A significant relationship was observed between 
chlorophyll a concentration in the coral tissues and 81 3C of the immediately underlying 
skeleton in these corals (section 4.4). Higher concentrations of chlorophyll have been 
detected in reef flat corals in the Phuket area in the wet season (April to October) compared 
to the dry season (Barbara Brown, pers. comm. 1993). If similar seasonal variations in 
chlorophyll concentration occur in corals along the reef front, then increased algal fixation of 
the isotopically lighter carbon during periods of high chlorophyll content (April-October) 
could account for the relative enrichment of 13C in the coral skeleton (approximately June-
July). Sunlight hours (measured at Phuket town weather station) are highest between 
November and May with particular lows in June and September. On grounds of light 
availability it appears unlikely that photosynthetic rates will be highest in June-July. 
However it is possible that the increase in irradiance between November and May induces 
photoinhibition and a decrease in photosynthesis in the corals. 
Alternatively the seasonal variation in 813C  may reflect variations in coral skeletal growth 
rate. No relationship maybe apparent between 81 3C and linear extension rate between corals 
because of the varying degrees of modification of the dissolved inorganic carbon (DIC) pool 
by the different corals. However, if slow calcification allows skeletal oxygen to equilibrate 
with the surrounding fluid then there is no reason to believe that skeletal carbon will not do 
the same. Variations in growth rate throughout the year may also be reflected in seasonal 
variations in 8 13C. 
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4.6 Variations in coral skeleton isotopic composition between different reef sites 
The stable isotopic compositions of corals from Ko Racha and Aquarium Reef were 
compared to those determined in corals from Porites Bay. Corals at Ko Racha deposit 
significantly denser skeletons than corals at Porites Bay and have significantly higher 
calcification rates than corals at Aquarium Reef (section 3.3). There is some evidence that 
deposition of dense skeletal bands in corals around the south east peninsula of Ko Phuket 
occurs at different times at different sites (Brown etal. 1986). An increase in skeletal density 
is usually associated with a decrease in linear extension and calcification rates (section 3.3) 
4.6.1 Methods and materials 
To assess the variations in stable isotopic composition between corals from different sites, I 
adopted two strategies: 
Growth increment experiment - I compared the isotopic composition of the same, fixed (ca. 9 
month) growth increment from different colonies from the three sites. 
Isotopic profile experiment - I compared isotopic profiles between corals from the three sites. 
Growth increment experiment 
Stable isotope measurements were made on the Aquarium Reef (corals AQ 1, AQ2, and AQ3) 
and Ko Racha (corals KR 1 to 6) samples prepared for growth rate measurements in section 
3.3. These were compared to the stable isotope measurements made on nine corals collected 
from Porites Bay (section 4.3). None of these corals appeared affected by the bleaching event 
in progress during July 1991. All samples were prepared from the maximum growth axis of 
the outermost growth interval (approximately November 1990 - July 1991). Samples were 
cleaned (as in section 3.4), finely ground and analysed by mass spectrometer (section 3.4). 
- Duplicate analyses of coral samples gave replication (la) of better than ±0.05%o for oxygen 
and ±0.1 %o for carbon. 
Isotopic profile experiment 
Seasonal variations in 8 13C and 8180  were established for corals PB9 (from Porites Bay), 
KR6 (from Ko Racha) and AQNEW (Aquarium Reef). Isotopic profiles were prepared from 
the maximum growth axis of corals PB9 and PB8 from the start of the bright band deposited 
in about November 1988 to the outermost part of the coral skeleton (July 1991). The profile 
in coral AQNEW ran from the start of the bright band deposited in approximately November 
1989 to the outermost part of the coral skeleton (July 1992). Only data from the profile up to 
about July 1991 are presented here. Analyses were not made across the fluorescent couplet 
corresponding to November 1988 - November 1989 as the skeleton was badly infested with 
macroborings at this point. None of the other corals collected from Aquarium Reef in July 
1991 were suitable for isotopic analysis over this period. Samples were prepared, treated and 
analysed by the method detailed in section 4.3.1. 
4.6.2 Results 
Growth increment experiment 
The 8180  isotope measurements determined for the outermost growth interval of all the coral 
are shown in Appendix E and are illustrated against linear extension in Figure 4.10. 
Figure 4.10. Linear extension versus 8180  for samples from the maximum growth axes of corals from 
Porites Bay, Aquarium Reef and Ko Racha. Standard errors (1) of isotopic and growth measurements 
are shown for one point. 
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180 is inversely related to skeletal growth rate (section 4.3) and it is important to ensure that 
differences in corals between sites reflect site differences and not variations in growth rate. 
To eliminate these effects I calculated and compared the regression equations between linear 
extension and 8 180 for all corals from each site (method as in Wetherill 1982). Regression 
equations for each site are shown in Table 4.4. 
The t values obtained when calculating the significance of differences between regression 
equations from the different sites are shown in Table 4.5. 
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Table 4.4. Regression equations, Pearson's correlation coefficients and levels of significance of 
regressions between linear extension and 5 180 for samples from the maximum growth axes of corals 
from Porites Bay, Aquarium Reef and Ko Racha. 
Porites Bay Aquarium Reef Ko Racha 
Regression Equation y = -5.10 - 0.05x y = -5.02 - 0.05x y = -5.60 - 0.03x 
Correlation Coefficient -0.82 -0.84 -0.27 
Significance level 0.001 0.30 0.40 
Table 4.5. t values, degrees of freedom (dl) and levels of significance (parenthetically) calculated by 
comparing regression equations (of linear extension vs. 5 180) for the different sites. 
Aquarium Reef 	 Ko Racha 
Porites Bay t = 0.030, df = 27 	 t = 0.707, df = 30 
(0.90) 	 (0.50) 
KoRacha t=0.391,df=5 
(0.80) 
There are no significant differences between the regression equations obtained from any of 
the sites i.e. 8 180 values at Ko Racha and Aquarium Reef followed the same 180/linear 
extension relationship to corals at Porites Bay. Mann Whitney U values were calculated to 
test the significance of differences in 813C values between corals from different sites. These 
are shown in Table 4.6. 
Table 4.6. Mann Whitney U values and levels of significance (shown in parentheses) between 6' 3C 
compositions of corals from Porites Bay (n=28), Aquarium Reef (n=3) and Ko Racha (n=6). 
Porites Bay 	Aquarium Reef 
Ko Racha 
Aquarium Reef 
61.0 (n. s.) 	 3.0 (0.05) 
9.0 (0.05) 
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Corals at Aquarium Reef deposited significantly higher 813C  values than corals at Ko Racha 
or Porites Bay. Corals at Ko Racha deposited significantly higher 813C  values than corals at 
Porites Bay. 
Isotopic profile experiment 
Seasonal variations in 8 13C and 8 180 are shown in Figure 4.11 (raw data in Appendix F). 
The relative position of each sample in the annual band has been calculated by dividing the 
distance of the middle of each sample along the annual fluorescent couplet by the width of 
the couplet. This allows all the corals to be shown on the same chronological axis, despite 
variations in linear extension rate between corals. 
Figure 4.11. Seasonal variations in 8 13C and 5 180 in corals from Porites Bay (PB9), Aquarium Reef 
(AQ8) and Ko Racha (KR6). Standard errors (l(y) of isotopic analyses are shown. 
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13C values for coral PB9 range from -2.31 to -4.02%o and show a seasonal trend with the 
isotopically lightest carbon deposited around the beginning of the bright fluorescent bands 
(approximately October - December) and the heaviest deposited between bright bands 
(approximately June - July). 81 3C values for coral AQNEW range from -2.31 to -3.58%o. 
The record produced from this coral is not very long, however there is some evidence of a 
seasonal trend similar to that observed in coral PB9. 8I3C  values for coral KR6 range from 
-1.79 to -2.73%o. No seasonal trend is apparent although there is a general lightening in 81  3C 
over the approximate three year period studied. 
KR6 and PB9 deposit similar ranges of 8180:  -5.40 to -6. 15%o and -5.45 to -6.00%o 
respectively. 8180 values for coral AQNEW range from -5.13 to -5.88%o. All corals exhibit 
similar seasonality with the isotopically light oxygen deposited around the beginning of the 
bright fluorescent bands (approximately October - December) and the heaviest deposited 
between bright bands (approximately June - July). 
4.6.3 Discussion 
There are no significant differences in the regressions between 8 180 and linear extension in 
the corals from any of the sites i.e. all corals follow the same relationship. In addition, there 
are no differences in the trends or ranges of values deposited by corals from different sites in 
the isotopic profiles experiment. This suggests that there are no genetic differences between 
the coral populations at the different sites which affect 180  incorporation. I also conclude 
that the seawater oxygen isotopic composition does not vary significantly between sites. 
In contrast the 813C  composition does vary significantly between sites. In the outer growth 
increment experiment, corals at Aquarium Reef deposited significantly higher 8 13C values 
than corals at Ko Racha or Porites Bay. Corals at Ko Racha deposited significantly higher 
3C values than corals at Porites Bay. In the isotopic profiles experiment the coral from Ko 
Racha consistently deposited higher 813C  values than the corals from the other sites. The 
coral from Aquarium Reef usually deposited higher 813C  values than the coral at Porites Bay. 
This reflects variations in the 813C  of internal dissolved inorganic carbon (DIC) available for 
calcification. It appears that the algal symbionts in the corals at Ko Racha and Aquarium 
Reef have higher photosynthetic capacities than those at Porites Bay and fix more 
leaving the DIC pool, and subsequently the deposited carbonate, relatively enriched in 13C. 
The differences between sites may reflect genetic adaptations in the local coral populations 
or may reflect variations in the light availability at each site. 
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4.7 The effect of the Phuket bleaching event on stable isotopic composition 
This section investigates the effect of the bleaching event (which occurred in the summer of 
1991) on the stable carbon and oxygen isotopic composition of the coral skeletons collected 
from the Phuket area. The bleaching event is associated with a period of elevated seawater 
temperatures. During the bleaching event, adjacent Porites colonies of apparently the same 
species exhibited radically different susceptibilities to bleaching. During this study, both 
specimens which appeared completely bleached and those which appeared unaffected by the 
bleaching event are investigated. 
If the carbonate oxygen isotopic values are a function of seawater temperature 
(McConnaughey 1989a), then a period of elevated temperature should manifest itself as a 
band of isotopically light skeletal oxygen. In addition, the lighter carbon isotope is 
preferentially fixed by the symbiotic algae during photosynthesis leaving a carbonate pool 
relatively enriched in the heavy isotope for calcification. If the algae malfunction and 
photosynthesis is reduced or stopped, then the carbonate skeleton should become enriched in 
the lighter carbon isotope. Alternatively the isotopic composition may be inversely 
influenced by growth rate (section 4.3). There is no doubt that the presence of zooxanthellae 
positively affects skeletal accretion and bleaching may reduce calcification rate such that the 
skeleton becomes relatively enriched in the heavier isotopes of both carbon and oxygen. 
4.7.1 Materials and methods 
To investigate the effect of the bleaching event on the isotopic composition of bleached and 
visibly unaffected Porites lutea corals I adopted three strategies: 
Analysis of the outer growth increment of skeletal material 
The isotopic composition of the outermost growth increment (approximately November 1990 
- July 1991) was analysed for all the bleached corals collected from Porites Bay. This same 
growth increment was analysed in the unbleached coral specimens from the same locality 
(section 4.3). The Mann Whitney U test was employed to test the significance of differences 
in skeletal 8 180 and 8 13C between bleached and unbleached corals. 
A good relationship is observed between growth characteristics e.g. linear extension, 
calcification rate and skeletal 8 180 (section 4.3). Bleached corals have significantly reduced 
linear extension and calcification rates compared to unbleached specimens over this growth 
increment (section 3.6). It is therefore reasonable to expect that the bleached corals will have 
higher 8 180 values than the unbleached corals from consideration of growth characteristics 
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alone. To separate these effects from those of the bleaching event, regressions between linear 
extension and skeletal 8 180 are compared in bleached and unbleached corals. 
Stable isotope measurements were made on the sample blocks prepared from the bleached 
corals for growth measurements in section 3.6. After growth rate measurements, each sample 
was halved: one piece was analysed to determine the nature of the outer growth increment 
and the other was analysed in the next section (the outer 1 mm of skeletal material). The 
whole of the sub-sample was finely ground and a sample of 0.09 to 0.14 mg was weighed. 
Isotope analysis was performed as before (section 4.3). Duplicate analyses of coral samples 
gave replication of better than ±0.05%o for oxygen and ±0.1 %o for carbon. 
Analysis of the outer 1 mm of skeleton 
The stable isotopic composition of the outermost 1 mm of skeleton was analysed in samples 
prepared from bleached corals PB4, 7, 8 and 12. It is not possible to be certain that the same 
growth increment was sampled in each coral. However, corals were collected 4-6 weeks after 
the bleaching began so this increment should consist predominantly of material deposited 
during the bleaching event (assuming some skeletogenesis). Analysis of this material may 
provide more detailed information on the effect of the bleaching event on isotopic 
composition. Isotope measurements are compared to those obtained during analysis of the 
outermost 1 mm of unbleached skeletons (section 3.4). As before the Mann Whitney U test 
was employed to test the significance of differences in skeletal 8 13C and 6 180 between 
bleached and unbleached corals. Regressions between linear extension and skeletal 8 180 are 
compared in bleached and unbleached corals. 
The 8 13C composition of the skeleton in unbleached corals is positively related to the 
chlorophyll a concentration of the overlying coral tissue (section 4.4). McConnaughey 
(1989a) suggested that deviations from the 8 13C expected from kinetic considerations were 
caused by algal modification of the dissolved inorganic carbon pool available for 
calcification. No chlorophyll, attributed to coral zooxanthellae, was detected in the overlying 
tissues in the bleached coral specimens (Allison et al. in press). Therefore the 81 3C of the 
outer 1 mm of skeletal material should obey kinetic isotopic fractionation behaviour. The 
relationship between 81 3C and linear extension is compared in samples from the outer 1 mm 
of skeleton from bleached and unbleached corals. 
Stable isotope measurements were made on the samples prepared for growth rate 
measurements in section 3.3. Immediately prior to analysis, the outermost 1 mm of the 
skeleton was scraped away using a fine scalpel blade. The material collected was finely 
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ground and a sample of 0.09 to 0.14 mg was weighed. Samples were analysed as before. 
Isotopic profile experiment 
Detailed isotopic profiles (8-10 samples per annual growth band) were prepared from corals 
PB9 and AQNEW (both unbleached in July 1991) and PB8 (bleached in July 1991). Corals 
P139 and PB8 were collected in July 1991 while coral AQNEW was collected in July 1992. 
Analysis of these profiles should identify any specific skeletal isotopic changes associated 
with the bleaching event. An additional coral, collected in July 1992, which had bleached 
during the previous year, was severely infested with boring organisms and was unsuitable for 
further analysis. 
For each profile, a thin strip of skeletal material, approximately 3 mm x 3 mm, was cut along 
the maximum growth axis of each coral from the bright band deposited in approximately 
November 1988 to the outermost part of the coral skeleton. The fluorescent couplet deposited 
in approximately November 1988 - November 1989 was badly bored in coral AQNEW and 
was not analysed. Each strip was divided, using a fine scalpel blade, into samples of 
measured length. Samples were ultrasonically cleaned, dried at 50°C and were powdered, 
weighed and analysed as before. 
4.7.2 Results 
The outer growth increment and outer 1 mm of the skeleton 
Stable carbon and oxygen isotope measurements on the outer growth intervals and outer 
1 mm of skeletal material in both bleached and unbleached coral colonies are shown in 
Appendix E. Measurements of growth rate characteristics of all corals are shown in 
Appendix C. Average linear extension and stable isotope measurements for each coral 
(bleached and unbleached) are summarised in Table 4.7. 
The Mann Whitney U test was employed to test the significance of differences in stable 
isotopic composition between bleached and unbleached corals in samples from the outermost 
growth interval and from the outer 1 mm of skeletal material. Mann Whitney U values and 
levels of significance are shown in Table 4.8. 
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Table 4.7. Average linear extension and stable isotope measurements of the outermost growth interval 
(approximately 9 months) and outermost 1 mm of skeletal material in all bleached and unbleached 
corals from Porites Bay (na = not analysed) 
Coral Linear ext. 
(mm) 
813C 
nine month 	outer 1 mm 
interval 
8180 
nine month 	outer 1 mm 
interval 
PBI 8.5 -3.97 -3.60 -5.38 -5.81 
PB2 13.0 -2.92 na -5.78 na 
PB3 18.8 -4.02 -4.03 -6.09 -6.48 
PBS 10.5 -3.95 -4.88 -5.68 -5.48 
PB6 7.8 -3.43 -4.00 -5.50 -5.59 
PB9 10.1 -2.88 -3.08 -5.65 -5.96 
PB13 12.0 -4.45 na -5.91 na 
PBI4 7.5 -2.97 na -5.66 na 
PB15 10.0 -2.79 na -5.59 na 
PB4 5.0 -2.43 -2.19 -4.93 -3.94 
PB7 5.0 -2.35 -3.39 -5.08 -4.58 
PB8 5.0 -3.36 -2.64 -5.47 -5.14 
PBI2 11.0 -2.94 -3.78 -5.42 -4.99 
PBI6 7.0 -2.80 na -5.62 na 
PBI7 5.0 -2.26 na -5.15 na 
PB18 5.5 -3.33 na -5.90 na 
Table 4.8. Mann Whitney U values and levels of significance (shown parenthetically) between 5 13C 
and 8180  compositions of samples from bleached and unbleached coral skeletons. Numbers of 
bleached (BL) and unbleached (UN) corals in each group are shown. 
6'3c 	 8180 
outer growth interval 59 (0.01) 	 56 (0.01) 
(BL =24, UN=28) 
outer 1 mm of skeleton 94 (0.01) 	 0(0.01) 
(BL = 20, UN = 22) I 
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13C and 8180 were significantly higher in the bleached corals, in samples from both the 
outer growth interval and from the outer 1 mm of the coral skeletons. As explained before, I 
expected E 80 to be lower in the bleached corals from growth rate considerations alone. To 
separate these effects from those of the bleaching event, regressions between linear extension 
and skeletal 8180 are compared in bleached and unbleached corals. Regressions between 
8 180 and linear extension for samples from the whole outermost growth increment 
(approximately November 1990-July 199 1) and from the outer 1 mm of the skeleton are 
shown for both bleached and unbleached corals in Figure 4.12. 
Figure 4.12. 80 versus linear extension in a) the outermost growth interval (approximately 
November 1990-July 199 1) and b) in the outermost I mm of the coral skeleton. The regressions for 
bleached corals (pale diamonds and dotted line) are shown separately from those for unbleached corals 
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Regression equations, coefficients and levels of significance are shown in Table 4.8. Good 
correlations are observed between 8180 and linear extension in both sets of samples from the 
unbleached corals (r = -0.83 and -0.81). Correlations between 8 180 and linear extension in 
the bleached corals are poor (r = -0.43 and -0.42). The regression equations were compared 
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Table 4.9. Regression equations, coefficients and levels of significance (shown parenthetically) 
between 5 180 and linear extension for samples from the whole outermost growth increment and from 
the outer I. mm of skeleton for bleached and unbleached corals 
Bleached corals 	 Unbleached corals 
Outermost growth interval y = -4.97 - 0.05x 	 y = -5.10- 0.05x 
r = -0.43 	 r = -0.83 
(0.05) 	 (0.001) 
Outer 1 mm of skeleton y = -4.20 - 0.07x 	 y = -4.98 - 0.08x 
r=-0.42 	 r=-0.81 
(0.10) 	 (0.001) 
Table 4.10. t values, degrees of freedom (dO and levels of significance (shown parenthetically) of 
differences between the regression equations (5 180 vs. linear extension) obtained in Table 4.9. 
Outermost growth interval 	Outer 1 mm of skeleton 
t=0.070 	 t=0.134 
df=47 	 df=38 
(0.90) 	 (0.90) 
between bleached and unbleached corals (method from Wetherill 1982). Values oft, degrees 
of freedom and level of significance are shown in Table 4.10. There are no significance 
differences between the regression equations for bleached and unbleached corals in either the 
samples from the outermost growth increment or in the outer 1 mm of skeletal material. 
Regressions between 81 3C and linear extension for samples prepared from the outer 1 mm of 
skeleton in bleached and unbleached coral are shown in Figure 4.13. Regression equations, 
I coefficients and levels of significance are shown in Table 4.11. No correlation is observed 
between linear extension and & 3C in the unbleached corals (r = 0.10). However there is 
some evidence of a positive relationship between 6 13C and linear extension in the bleached 
coral specimens (0.54). 
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Figure 4.13. Regressions between 8 13C and linear extension in the outermost 1 mm of the coral 
skeleton. The regressions for bleached corals (pale diamonds and dotted line) are shown separately 
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Table 4.11. Regression equations, coefficients and levels of significance (shown parenthetically) 
between 8 13C and linear extension for samples from the outer 1 mm of skeleton for bleached and 
unbleached corals. 
Bleached corals 	 Unbleached corals 
Outer 1 mm of y = -1.80- 0.19x 	 y = -3.77 - 0.02x 
skeleton r = 0.54 	 r = 0.10 
(0.01) 	 (0.70) 
The regression equations were compared using the formula of Wetherill (1982). The 
calculation gave t = 2.39 with 38 degrees of freedom which is not significant (0.90). 
Although the regression equations appear quite different, the spread of the data is such that 
these differences are not significant. 
Isotopic profile experiment 
Seasonal variations in 81 3C and 8 180 for all three corals are shown in Figure 4.14 (raw data 
in Appendix F). The relative position of each sample in the annual band has been calculated 
by dividing the distance of the middle of each sample along the annual fluorescent couplet by 
the width of the couplet. This allows all the corals to be shown on the same chronological 
axis, despite variations in linear extension rate between corals. 
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Figure 4.14. Seasonal variations in a) 5 13C and b) 8 180 in corals PB8, PB9 and AQNEW, including 
material deposited during the bleaching event. 
KEY: 	PB9a 	- - P138 (collected July 1991) 
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Approximate date, calculated from fluorescent banding 
The carbonate deposited during the bleaching event shows a slightly different seasonal trend 
to that deposited in the previous and following years. In a 'normal' fluorescent couplet e.g. 
approximately November 1989 - November 1990, a peak of relatively high 8 180 is deposited 
midway between the start of bright bands, in approximately April - June. This peak is either 
absent (AQNEW) or is substantially reduced (PB9 and PB8) during the year containing the 
bleaching event. The carbon isotopic record follows a similar trend to that of oxygen during 
fluorescent couplets deposited under 'normal' conditions. Coral PB9, follows this trend 
during the bleaching event, with highest 813C  values deposited in approximately April - June. 
Coral PB8 produced a small peak of high 813C  values in approximately February- April but 
then values decrease. Coral AQNEW produced two peaks of high 813C  values during the 
fluorescent couplet containing the bleaching event. 
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4.7.3 Discussion 
Visibly bleached corals had significantly reduced growth characteristics during the nine 
month period up to and including the bleaching event (section 3.6). The bleached corals in 
this study had skeletons significantly enriched in 180  and 13C compared to unbleached 
specimens. However, as growth rate is a major influence on skeletal oxygen composition 
(section 4.3), enrichment in 180 was expected in these slower growing corals. In an attempt 
to separate the effects of growth rate and bleaching I compared regressions between linear 
extension and 8 180 in both samples from the outermost 1 mm of the skeletons and from the 
outer growth increment (approximately November 1990 - July 1991). There are no 
significant differences between the equations for bleached and unbleached corals in either 
case. However the regression equations for the bleached corals are offset towards more 
positive 8180  values, particularly in the samples from the outer 1 mm of skeletal material. 
There is some suggestion that the bleached corals are depositing carbonate more enriched in 
180 in the outer 1 mm of skeleton than expected from considerations of growth rate. This 
may reflect a slight decrease in growth rate in these corals over the bleaching event. 
No significant relationship is observed between 8 13C and growth rate in the unbleached 
corals (section 4.3). However a positive relationship is observed between the chlorophyll 
concentration of the overlying coral tissue and 813C  of the immediately underlying skeleton 
(section 4.4). McConnaughey (I 989a) suggested that the zooxanthellae modify the carbon 
composition of the dissolved inorganic carbonate (DIC) pool available for calcification by 
preferentially fixing isotopically lighter carbon during photosynthesis and this is supported 
by my data. Following this reasoning I would expect the bleached corals to deposit the 
lightest skeletal carbon of all but this is not the case. The bleached coral skeletons deposited 
significantly higher 813C  values in the outer 1 mm of skeleton than apparently unaffected 
corals. I suggest that in the bleached corals calcification rate, at this point, was reduced to 
such an extent that newly deposited carbonate was closer to isotopic equilibrium with the 
carbon in the extracytosolic fluid. This is supported by the observation of a inverse 
relationship between 6' 3C of the outer 1 mm of the bleached coral skeletons and linear 
extension (of the outer growth increment). This relationship is not observed in unbleached 
corals. In summary, in the outer 1 mm of the coral skeleton, algal modification of the DIC 
pool is the main control on skeletal 8 13C in the unbleached corals while growth rate is the 
primary influence in the bleached specimens. 
Howver this enrichment in 13C (or 180) is not observed in the seasonal isotopic variations of 
the bleached coral (PB8) up to and including most of the bleaching event. In fact all the 
corals, bleached and unbleached, show a reduced 180  enrichment for that time of year. The 
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absence or reduction of the 180 enhancement in the seasonal record can be explained by the 
relative increase in seawater temperature in the months prior to the bleaching event. This 
caused a depletion in 6180 and disguised the usual annual trend. 
There is no evidence that the bleaching event affected the seasonal EI 3C trend in coral PB9 
(unbleached). This coral typically produced a peak of 13C, between the beginning of bright 
fluorescent bands, in approximately April - June. This trend was not observed in corals PB8 
(bleached) and AQNEW (unbleached). Both produced a relatively small 8 13C peak early on 
in the fluorescent couplet. Coral AQNEW also produced a second peak later in the couplet. 
These variations probably reflect the state of the zooxanthellae in the coral tissue over the 
bleaching event. Both corals began to produce the usual 13C peak in approximately February 
- April but then deposited lighter carbon than expected. If zooxanthellae numbers or 
chlorophyll content are reduced then the amount of 12C fixed by photosynthesis will also 
decrease. The DIC pool becomes relatively enriched in 12C and the skeleton deposited from 
it contains relatively low 6 13C values. Although coral AQNEW did not appear visibly 
affected by the bleaching event, zooxanthellae numbers or chlorophyll content may have 
been reduced from earlier in the year. A recovery in zooxanthellae numbers or chlorophyll 
content towards the end of the bleaching event would account for the second 6 1 3C peak 
observed towards the end of the fluorescent couplet. 
4.8 Summary 
Skeletal growth rate, measured as linear extension, has a powerful influence on the 6180 
signal in Porites lutea corals from Phuket, South Thailand. In these corals, growth rate 
appears to be a major control on seasonal 6180 trends and there is no evidence of the 6180 
variations expected from consideration of seawater temperature data. Seasonal and longer 
term variations in growth rate must be considered when interpreting palaeoenvironmental 
records from stable oxygen isotopic chemistry of coral skeletons. 
No correlation is observed between 813C  and growth rate in corals unaffected by the 
bleaching event. 8 13C and coral tissue chlorophyll content are positively related in the 
unbleached corals suggesting that algal modification of the DIC pool is the main control on 
skeletal 6 13C. Seasonal variations in 8 13C reflect changes in the photosynthetic activity of 
the zooxanthellae or variations in skeletal growth rate. 
There are no significant variations in 6180 between the different reef sites. This suggests 
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that there are no genetic differences between the coral populations at the different sites which 
affect 180 incorporation. I also conclude that the seawater oxygen isotopic composition does 
not vary significantly between sites. 
8 13C does vary significantly between sites. Corals at Aquarium Reef deposited 
significantly higher 8 13C values than corals at Ko Racha or Porites Bay. Corals at Ko Racha 
deposited significantly higher 813C  values than corals at Porites Bay. This reflects variations 
in the 81 3C of internal dissolved inorganic carbon (DIC) available for calcification. The 
differences between sites may reflect genetic variations in the local coral populations or may 
reflect variations in the light availability at each site. 
Corals which bleached during the period of elevated seawater temperatures at Phuket in 
the summer of 1991 deposited skeletons significantly enriched in 13C and 180  compared to 
corals which appeared unaffected. This is a consequence of the reduction in skeletal growth 
rate in the bleached corals. 
However when isotopic profiles were prepared from the bleached (and unbleached) corals 
this relative enrichment was not observed. Skeletal material deposited in the months before 
and during the bleaching event was relatively depleted in 180,  supporting the theory that 
positive temperature anomalies occurred during and may have caused the bleaching event. 
Whole or partial expulsion of zooxanthellae (or loss of their pigments) was manifest as a 
relative depletion in 13C, reflecting the impact of the algae on skeletal & 3C. 
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Chapter Five. Trace and minor element geochemistry - development of analytical 
techniques 
5.1 Introduction 
The incorporation of trace and minor elements in coral skeletons has been examined in a 
variety of contexts: in the elucidation of calcification processes, as an indication of 
diagenetic alteration, in radiometric dating, in relation to polluting activities and as a tracer 
of the chemistry of local seawater and of seawater temperature. Results obtained in previous 
studies are reviewed in Chapter 6. 
Several pathways exist for the incorporation of contaminant elements in the coral skeleton. 
Elements may substitute in place of calcium in the aragonite lattice. There is no general 
agreement as to which elements may substitute in place of calcium. Howard and Brown 
(1984) concluded that strontium and europium were the only good substitutes for calcium on 
grounds of basic stereochemical similarity i.e. electronegativity, ionic radius and optimum 
co-ordination spheres. Shen (1986) and Shen and Boyle (1988) concluded that other 
elements including cadmium and barium, were capable of replacing calcium. Alternatively, 
whole metal complexes may replace one or more entire CaCO 3 groups e.g. uranyl carbonates 
(Swart and Hubbard 1982). 
Other routes for incorporation of trace metals into coral include inclusion of detrital particles 
in skeletal pores and surface adsorption of metals on exposed areas of skeleton. Brown et al. 
(1991) observed a retraction of coral tissue, under particularly 'stressful' conditions, and 
direct precipitation of iron compounds from seawater onto the exposed aragonite spines. 
Detrital material may become incorporated into skeletal pores during periods of tissue 
retraction or may enter cavities or lesions in the skeleton if the overlying coral tissue 
becomes damaged or destroyed. It is also possible that particulate materials ingested into 
gastric cavities are actively passed through the coral tissues and deposited in the coral 
skeleton (Cortés and Risk 1985, in Budd etal. 1993). 
There is evidence that some elements are largely incorporated into the aragonite in an 
organic phase. Amiel etal. (1973a) suggested that up to 25% of the total coral Mg occurs in 
organic compounds and/or on adsorbed sites. Skeletal organics are believed to be mainly 
derived from the organic matrix produced by the coral during calcification, but humic and 
fulvic compounds of terrestrial and phytoplankton origin are also incorporated. These 
compounds, responsible for bright and dull band fluorescence under UV radiation, are 
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effective metal ligands. 
Virtually all previous studies of trace and minor element concentrations in coral skeletons 
have utilised bulk methods of analysis e.g. inductively coupled plasma mass spectrometry, 
atomic absorption etc. The amount of sample required for these methods usually restricts the 
number of samples across each annual growth band to between four and eight. Authors who 
wish to determine trace metal/Ca ratios of the aragonite lattice only, frequently adopt 
rigorous cleaning procedures to remove all other contamination e.g. organic material (Shen 
and Boyle 1988) and the methods become extremely time consuming. 
In this chapter, I discuss the development of other techniques for the determination of trace 
and minor elements. I analysed coral samples using an ion microprobe (beam diameter 
30 rim) and an electron microprobe (10 x 10 pm square raster). Accurate positioning of the 
microprobe beams on polished thin sections of coral ensured that only those elements 
incorporated into the skeletal carbonate were analysed and particulate materials in skeletal 
pores were avoided. I also developed preparatory procedures for measuring coral strontium 
concentrations by X-ray fluorescence (XRF) - a bulk method of analysis. I discuss the 
problems associated with each technique and investigate the reproducibility of analysis. 
5.2 Ion microprobe analyses 
Although the ion microprobe technique has been established for some time, there is little 
published literature on its application to carbonate minerals (Swart 1990). As a consequence 
a considerable amount of time in this study was spent developing sample preparation 
techniques and determining the reproducibility of analyses. Time was also dedicated to 
examining the homogeneity of carbonate standards, used to calculate relative ion yields for 
the ion probe. 
5.2.1 Sample preparation 
Thin sections, approximately 50 pm thick on I diameter glass discs, were prepared from 
coral samples fixed in Buehler epo-thin low viscosity epoxy resin and polished using Kemet 
industrial diamond paste. In addition, two samples were prepared which were polished with 
alumina paste and three samples polished by hand using diamond grit suspended in 
petroleum jelly. One section (AQ8K) was fixed in epoxy resin doped with a lithium chloride 
tracer. Analyses from sections prepared by the different methods were compared to assess 
the potential for sample contamination during preparation and polishing. 
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Polished sections were sputter-coated with a thin even-thickness gold coat. This gold coat 
inhibits charge build up ensuring the sample offers a surface of equal potential with respect 
to the secondary ion extraction electrode. 
5.2.2 Analysis 
Analyses were performed using a Cameca ims-4f ion microprobe with Charles Evans & 
Associates interface and computer control. Analysis was by Secondary Ion Mass 
Spectrometry (SIMS) in which the specimen is bombarded with a focused primary ion beam 
and the secondary ions produced are accelerated into a mass spectrometer. A summary of the 
primary and secondary ion beam characteristics is given in Table 5.1. As the elements 
studied here form positive ions, a primary beam of 160-  ions was used to enhance cation 
formation. This primary beam was mass filtered to leave an isotopically pure 160-  beam and 
avoid implantation of other contaminants in the sample. Any interferences caused by the 
primary ion beam in the secondary ion beam emitted from the sample are restricted to those 
originating from 160. The primary beam was accelerated by a primary voltage of 10 kV and 
a voltage of +4.5 kV was applied to the sample giving a total accelerating voltage of 
14.5 kV. This primary beam had a current of Ca. 5.0 nA and was focused using a series of 
electrostatic lenses to a diameter of about 30 pm on the sample surface. 
Secondary ions sputtered from the surface of the sample consist of a complex mixture of 
ionic and molecular species derived from both the sample matrix, the primary beam and any 
gases present in the background of the mass spectrometer i.e M (the desired signal), M0, 
MOH, M2 etc. 
Table 5.1. Summary of the primary and secondary ion beam characteristics used during ion 
microprobe analyses. 
Primary Beam Characteristics: 
Composition 160 
Voltage 10 kV 
Current 5 nA 
Secondary Beam Characteristics: 
Imaged field 25 pm 
Field aperture 
Contrast aperture 3 
Energy offset 75V 
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Samples were maintained at high vacuum (between 2.1-8 and 5.1 Torr) to reduce 
interferences caused by residual water vapour in the system. Interferences caused by 
molecular ions were removed or reduced by energy filtering. Different interfering molecular 
species attain different ranges of kinetic energies during the sputtering process and usually 
have narrower energy distributions than elemental ions. Using an altered accelerating voltage 
(a voltage offset), the segment of the energy spectrum which is examined contains 
proportionally less of these interfering species. Swart (1990) found a voltage offset of -50 V 
was sufficient to eliminate molecular interferences at masses 24, 54 and 88 for Mg, Fe and 
Sr respectively. Throughout these analyses a voltage offset of -75 V was used. 
Secondary ion counts were measured using an electron multiplier by sequential stepping of 
the magnetic field through a cycle of relative atomic mass. Counting times for each isotope 
varied according to its abundance but did not exceed 30 seconds. Data was collected for at 
least ten consecutive cycles in each analysis. Series of consecutive cycles were averaged, the 
standard error calculated and the result corrected for background counts and deadtime. 
Initially the following isotopes were analysed: 26Mg, 27Al, 28Si, 'WCa, 5417e, 55Mn, 63Cu, 
85Rb, 88Sr, 113Cd, 118Sn, 138Ba, 1391-a, 140Ce, 208Pb, 232Th and 238U. Some samples were 
also analysed for 7Li to examine the effect of addition of the lithium tracer to the epoxy 
resin. Some of these elements were dropped from subsequent analyses due to surface or 
epoxy resin contamination, molecular interferences, poor counting statistics or 
reproducibility problems. 
5.2.3 Analytical problems 
Surface contamination 
Some isotopes exhibited a decrease in count rates with time over the ten cycle period 
suggesting that these elements were present as contaminants on the surface of the thin 
section. It seems likely that most of this contamination is introduced from the polishing 
compounds. The sample fixed in epoxy resin + lithium chloride showed a large decrease in 
Li/Ca count rates over the analytical period (Figure 5.1 a), tailing off with time, suggesting 
that the sample surface can also become contaminated by smearing contaminants from the 
epoxy resin over the coral surface. Al/Ca and Si/Ca showed similar decreases in count rates 
with time for all preparatory procedures (Figure 5.1b and c). Ba/Ca count rates decreased in 
the alumina polished samples but were stable in those mechanically and hand polished with 
diamond paste. All isotopes which showed count rate decreases over the analytical period 
were ignored. 
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Figure 5.1. Decreases in isotope/calcium ratios over a typical ten cycle microprobe analysis for 
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A decrease in count rates was also observed for the magnesium isotope. However this 
decrease was linear and showed no sign of tailing off even in analyses performed for up to 
forty cycles which exceeded one hour (Figure 5.2). Magnesium count rates decreased by 
between 24% over a ten cycle analysis of approximately twenty minutes duration. High 
magnesium concentration analyses did not show an increase in percentage decrease as might 
have been expected had the magnesium been due to surface contamination. It therefore 
seems likely that this decrease is an artefact of the ion microprobe technique rather than due 
to surface contamination. As the decrease is of the same order of magnitude in all analyses, 
comparisons of magnesium concentration could be made between analyses which were 
performed for the same length of time. 
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Epoxy resin contamination 
No information on the trace element composition of the epoxy resin was available from the 
manufacturer. Two analyses were performed approximately 50 Pm apart; one on coral 
material and the other on epoxy resin. Differences in beam focusing and shape will be 
minimal over this distance. The count rates for each isotope in each analysis are shown in 
Table 5.2. 
Table 5.2. Isotope counts per second on adjacent coral and epoxy resin analyses. 
Isotope Coral Analysis Epoxy Resin Analysis 
7Li 1950 393000 
26Mg 461 22 
27Al 373 648 
110 128 
Ca 77300 11 
54Fe 1.05 0.76 
55Mn 1.48 1.14 
85 Rb 0.42 0.07 
88 Sr 26700 2 
13813a 5.63 0.36 




It is not possible to estimate trace element concentrations in the epoxy resin from these count 
rates as it is likely that the epoxy resin and the coral have different sputter rates. However 
both analyses were performed for the same length of time and the epoxy resin count rates 
can be used to give an estimate of the contamination possible when samples have become 
smeared with epoxy. 
The epoxy resin contains virtually no calcium so coral analyses which are severely 
contaminated with epoxy will have significantly lower calcium count rates than unaffected 
analyses. Such analyses will be eliminated from the data set. If an analysis is only slightly 
contaminated with epoxy resin then the count rates from trace elements in the epoxy resin 
will be a fraction of those observed on a analysis of epoxy resin only. Counts of Mg, Ca, Rb, 
Sr, Ba, Ce and U in the epoxy analysis are already a fraction of the values observed in the 
coral analysis and it is very unlikely that small scale epoxy resin contamination will increase 
the concentrations of these elements. 
Counts of Al, Si, Fe, Mn and Pb in the epoxy resin analysis are similar to or more than the 
counts of these elements in the coral analysis. As trace element concentrations are calculated 
by assuming a constant calcium concentration in the sample (section 5.2.4), contamination 
which decreases calcium counts while maintaining trace element counts will elevate 
calculated trace element concentrations. It is possible that epoxy resin contamination of coral 
analyses will significantly alter the concentrations of these elements. 
Poor counting statistics 
A combination of low concentration in the carbonate and poor ion yield meant that Cd and 
Sri were frequently below the limit of detection. Although the relative ion yields for La, Ce 
and Th are good, their concentrations in the sample were also very low. When detectable, 
count rates for these isotopes were only just above background and counting errors were up 
to 100% of the determined concentration. Due to the size of this error, no significant 
differences in element concentration could be observed between analyses and these elements 
were eliminated from further work. 
Isobaric and molecular interferences 
Interferences were generally avoided by careful selection of the isotopes for analysis. The 
major interferences for the isotopes studied are shown in Table 5.3 and the abundances of the 
interfering isotopes are in Table 5.4. At a voltage offset of -75 V, triple species interferences 
are negligible and it is unlikely that any of the double species will occur in sufficient 
concentrations to cause a significant interference. 
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Table 5.3. Isotopic abundances of ion microprobe analysed elements and their major element 
interferences (Ca, C, Mg, Mn, Fe). 
Isotope Abund. Interferences 
24Mg 78.60 48CaJ2, 12C' 2C 
26Mg 11.29 13C I 3C 
Ca 2.13 
54Fe 5.90 54Cr, 42Ca 12C, 12C26MgO, 13C25MgO 
55Mn 100.00 42Ca 13C, 43Ca 12C, 13C26MgO 
63Cu 69.09 23Na40Ca 
65Cu 30.91 24Mg25MgO, 40Ca25Mg 
85Rb 72.15 42Ca43Ca, 43Ca26MgO, 	Ca25MgO, 12C57FeO, 13C56FeO 
87Rb 27.85 87Sr, 43CaCa, 13C58FeO 
88Sr 82.56 CaCa, 48Ca24MgO 
11.32 
138 13a 71.66 138La, 138Ce 
208pb 52.38 
99.28 







98.89 26Mg 11.29 54Fe 5.90 
1.11 40Ca 96.92 56Fe 91.52 
160 99.76 42Ca 0.64 57Fe 2.25 
170 0.04 43Ca 0.13 58Fe 0.33 
180 0.20 44Ca 2.13 HÔSn 14.24 
24Mg 78.60 48Ca 0.18 1381-a 0.09 
25Mg 10.11 54Cr 2.38 138Ce 0.25 
Swart (1990) found a voltage offset of -50 V was sufficient to eliminate molecular 
interferences for 24Mg, 54Fe and 88Sr. During this study the same isotopes of Fe and Sr were 
measured at a voltage offset of -75 V. This larger offset should ensure that any interferences 
are removed. Magnesium concentrations were determined by measuring the 26Mg isotope. 
This isotope is less abundant than 24Mg but is subject to fewer and smaller interferences. It 
is reasonable to assume that the 26Mg isotope is not susceptible to interferences at the 
voltage offset used. 
To check for possible molecular interferences on barium and copper, two isotopes of each 
element were counted for several analyses. Assuming negligible molecular interferences, 
count rates for both isotopes should occur in their relative isotopic proportions. Count rates 
for 13813a and 137 13a occurred in the expected proportions, within counting statistics, so it is 
unlikely that either of these isotopes has a significant interference. For the remaining 
analyses 138 13a was counted as its greater isotopic abundance ensured a smaller counting 
error than the less abundant isotope. 63Cu count rates were frequently up to x40 those 
observed from the 65Cu isotope (the isotopes occur in a 7:3 ratio) suggesting that the 
23Na40Ca interference has a major effect on the 63Cu peak even at a high voltage offset. 
40Ca is the most common calcium isotope (96.9%) and will be very abundant in the coral. Na 
is monoisotopic and is probably also abundant in the coral, following the sodium 
hypochlorite treatment which was used to remove the coral tissue after sample collection. 
63Cu was subsequently removed from the analytical programme and all copper 
concentrations were determined from the 65Cu count rates. 
Although two isotopes of Rb exist (85 and 87), only 85Rb was counted. 87 Sr would 
significantly interfere with 87Rb counts. 85Rb is also the more abundant isotope. The only 
double species interference on isotope 85Rb is 42Ca43Ca which produces approximately 
0.008 counts sec -1 under these conditions (John Craven pers. comm. 1993). This will not 
significantly interfere with 85 Rb counts which are ca. 0.42 counts sec -1 . It is impossible to 
ascertain any degree of interference on 55Mn as manganese is monoisotopic. However all 
Mn interferences contain carbon species which will ionise very poorly. It is therefore 
unlikely that these interferences are significant. No major molecular interferences are 
expected for the remaining isotopes: 'WCa, 208Pb and 238U. 
5.2.4 Standardisation 
The sputtering and ionisation processes during analysis are poorly understood and no 
physical model exists to adequately predict ion yields. Trace element count rates are 
normalised to a species in the sample of known concentration. This compensates for the 
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effects of variations in analytical conditions e.g. beam density, beam current, spot size etc. 
44Ca was used as the normalising species in these analyses. Calculation of concentrations are 
then made relative to a standard of known composition. The normalised ratio, [fi]/['WCa], 
was converted into a concentration using the following formula: 




X1 	= concentration of element i in the carbonate 
XCa 	= concentration of calcium in the carbonate 
CPS 1 = counts per second for element i (corrected for deadtime, 
background, interference and isotopic abundance) 
CPS a  = counts per second for calcium (corrected for deadtime, background, 
interference and isotopic abundance) 
RIY 1 = ion yield of element i relative to that of calcium in standard. 
Two standards, a carbonate and a silicate, were used to calibrate relative ion yields. 
The Carbonate Standard 
The ion probe was calibrated before each probe session using a natural carbonate standard, 
Norman Cross Calcite (NCC - containing approximately 14532 ppm Fe, 2749 ppm Mg, 1486 
ppm Mn and 845 ppm Sr), supplied by A.E. Dickson, University of Cambridge. This was 
used to determine relative ion yields (RIY) for Mg, Mn, Fe and Sr in the different probe 
sessions (Table 5.5). 
Table 5.5. Relative ion yields for 26Mg, 54Fe, 55Mn and 88Sr calculated from the carbonate standard, 
NCC, for each ion probe session. 
Element Dec 1991 March 1992 May 1992 Jan 1993 
26Mg 0.550 0.607 0.599 0.518 
54Fe - 0.100 - 0.099 
55Mn 0.189 0.190 0.198 0.181 
88Sr 0.513 0.443 0.487 0.498 
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Multiple analyses of 26Mg, 55Mn and 88Sr were performed on the standard in one day in 
May 1992 (Appendix G). Results suggest that while NCC is homogenous within analytical 
error for Mg (±6% - lG)and Mn (±4% - l(Y), it is heterogeneous with respect to Sr (± 10% - 
I ). This inhomogeneity with respect to Sr makes it impossible to ensure an accurate 
calibration of the ion probe in any one session or to obtain comparable calibrations of the 
machine between sessions. To test the degree of variability of calibration between sessions, 
adjacent analyses were performed on the same coral samples in different probe sessions i.e. 
analyses were performed immediately adjacent to the ion probe pits created during the 
previous probe session. Typically, three or four pairs of analyses were compared between 
probe sessions. Calculated element concentrations were averaged between the three or four 
analyses for each probe session and the differences between sessions (calculated a 
percentage of the average between both sessions) are shown in Table 5.6. 
Table 5.6. Average strontium concentrations observed on adjacent pairs analysed in different ion 
probe sessions. The percentage differences in values between probe sessions are shown and a 
correction factor, to make the data between the sessions comparable, has been calculated. 
Probe Session number % Correction 
Dec 1991 	Mar 1992 	May 1992 	Jan 1993 of pairs difference Factor 
6447 	7220 	- 	- 4 ±5.7 1.12 
- 	7177 	7403 - 3 ±1.6 - 
- - 7415 	6895 4 ±3.6 1.08 
- 	7335 	- 	6790 4 ±3.9 1.08 
Differences between analyses were compared with the expected differences observed 
between adjacent analyses performed within the same session (averaging 1%, section 5.2.5). 
Strontium concentrations on adjacent analyses between March and May 1992 were 
comparable within this error but variations between these sessions and those of December 
1991 and January 1993 were well in excess of it. Correction factors of 1.12 and 1.08 were 
calculated which could be multiplied with the December 1991 and January 1993 data 
respectively to make them comparable to the remaining sessions. 
The Silicate Standard 
Carbonate standards were unavailable for calibration of the other elements due to the 
generally low concentrations of trace elements in these minerals. Instead the ion probe was 
92 
calibrated for the remaining elements using the standard silicate glass, NBS6I0. It is possible 
that RIYs differ between carbonates and silicates due to matrix effects between the two 
media. However there is good evidence that derived element concentrations are of the right 
order of magnitude. Fielding (1992) found only small differences in relative ion yields 
calculated from silicates and carbonates for the element Ba. Relative ion yields for the rare 
earth elements showed larger differences between the two minerals but this never exceeded a 
factor of 2. Barium values from fragments of two corals analysed by atomic absorption (3 
and 10 ppm, Anne Mennim pers. comm. 1993) were in reasonable agreement with values 
obtained from single ion microprobe analysis (6 and 11 ppm respectively). 
Relative ion yields for Cu, Rb, Ba, Pb and U were calculated in December 1991 (Table 5.7) 
and were used for all four probe sessions. 







Immediately adjacent analyses were performed on samples in different sessions to assess 
differences in machine calibration for the elements barium and rubidium (Table 5.8). The 
average standard deviation between pairs analysed in the same probe session was ±13% and 
±5% for rubidium and barium respectively (section 5.2.5). Barium concentrations on 
adjacent analyses between sessions agree within this error, except for analyses performed in 
May 1992, which have particularly low barium concentrations. Rubidium concentrations 
determined in May 1992 also appear to be unusually low. Correction factors, applicable to 
the May 1992 data, were calculated between sessions. The average correction factors for 
barium and rubidium were 2.31 and 2.14 respectively. Data from the May 1992 session 
could be multiplied by these factors, to make them comparable to the data obtained in other 
sessions. 
Table 5.8. Average rubidium and barium concentrations observed on adjacent pairs analysed in 
different probe sessions. The average standard deviation is shown as a percentage and a correction 
factor, to make the data between the sessions comparable, has been calculated. 
Dec 1991 
Probe Session 








6.9 7.0 - - 6 ±0.7 - 
- 2.9 1.3 - 4 ± 38.1 2.23 
- - 2.1 5.0 5 ±40.8 2.38 
- 7.3 - 8.0 6 ±4.6 - 
Rubidium 
- 0.300 0.130 - 4 ± 39.5 2.31 
- - 0.163 0.320 5 ± 32.5 1.96 
5.2.5 Analytical reproducibility 
Due to the inhomogeneity of the carbonate standard (section 5.2.4), the only way to assess 
the reproducibility of the ion probe technique was to perform spatially and temporally 
adjacent analyses on the coral samples. These analyses were performed 50-100 pm apart on 
the thin section. The corals in the Phuket area have typical linear extension rates of 
15-20 mm year- ' corresponding to an average growth of 40-55 pm day - '. It is unlikely that 
the seawater chemistry or temperature of the general water body will significantly alter over 
the 1-3 day period associated with the distance between each pair. However it is possible that 
warming and evaporation of the shallow water over the reef flat may lead to some small 
variations in very local water chemistry and temperature. It is not possible to separate 'real' 
small scale geochemical heterogeneity from the analytical error between analyses. The 
standard deviations observed between analytical pairs will be used as the maximum 
analytical error. In effect this represents the worst possible case. Reproducibility of analyses 
were examined by considering counting statistics on individual analyses and by comparing 
immediately adjacent analyses. 
Counting Statistics 
The ion probe unit's computer system calculates a percentage error for each element for each 
individual isotope analysis. This error is based purely on counting statistics and is calculated 
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as follows: 
% error (la)=—xlOO 
N 
where N = total number of counts for the isotope over the ten analytical cycles. 
The ranges of errors observed for each element are shown in Table 5.9. As a function of the 
total number of counts, these errors take no account of differences in beam focusing or 
fluctuations in beam current between analyses and essentially represent the smallest possible 
errors which can be expected. 
Table 5.9. The range of errors for ion microprobe analysis of each isotope by counting statistics 
(single analyses) and by comparing analyses between adjacent pairs (n = number of pairs). 
Element Range of 
Counting Stat. 
Error (%) 
Range of Std. Dev. 
between analyses % 
Mean Std Dev. 
% 
n 
Mg 0.3- 1.2 0-14 5 27 
Fe 9-20 1-21 10 6 
Mn 8-30 0-32 12 15 
Cu 5-9 1-19 11 5 
Rb 11-22 0-37 13 15 
Sr 0.1 -0.2 0-4 1 27 
Ba 2-7 0-14 5 27 
Pb 24-100 8-100 51 17 
U 6-16 1-12 4 5 
Reproducibility between analytical pairs 
Pairs of analyses were performed on coral thin sections, temporally and spatially 
immediately adjacent to each other. The calculated element concentrations for each pair are 
shown in Appendix H. The standard deviations of each pair were calculated as 
concentrations in ppm and as percentages. The ranges and average standard deviation for 
each element are shown in Table 5.9. 
The standard deviation (I a) observed between adjacent pairs is usually well in excess of the 
counting statistic error and for most elements is above the ±6% observed by Deng and 
Williams (1989) during multiple analyses on nominally identical silicate samples. Most of 
the elements studied here are present only in low concentrations, produce relatively few 
counts and have counting statistic errors in excess of this 6%. It is therefore not possible to 
conclude whether the differences between adjacent pairs are due to real small scale 
heterogeneity in element concentrations or are due to machine differences between analyses. 
The standard deviations observed here between analytical pairs will be used to provide a 
conservative estimate of analytical error. 
5.3 Electron Microprobe Analysis 
5.3.1 Sample preparation 
Analyses were performed on polished thin sections prepared for ion microprobe analysis 
(Section 5.2.1). The gold coat applied before ion microprobe analysis was removed using a 
'/ im cloth lap. Samples were then coated with a thin film of carbon to prevent charge build 
up on the sample. It was necessary to change the conducting coat so that electron probe 
analyses could be directly compared to carbon-coated electron probe standards (there is 
some difference in X-ray attenuation through gold and carbon coats). In addition, the gold 
coat applied to ion microprobe samples .is too thick to allow visualisation of the sample in 
transmitted light on the electron microprobe. The possibility of sample charging was further 
reduced by the application of a colloidal, carbon based dag (brand name Aquadag), which 
was applied to connect the sample to the metallic probe sample holder. 
5.3.2 Analysis 
All analyses were performed on a Cameca Camebax Microbeam electron probe. A primary 
electron beam of 5 nA was accelerated towards the sample by a 20 kV directional voltage. 
The beam was focused on the sample to a raster of approximately 10 x 10 Mm. Detection of 
the X-ray spectrum generated from the sample is by a wavelength dispersive system in 
which X-rays are diffracted by a crystal and are separated by wavelength. The Camebax is of 
standard design with four independently aligned spectrometers. Quantitative analyses are 
made by comparing the intensity of characteristic lines in the sample spectra (minus 
background intensities) with the intensity of lines from standards of known composition. 
Ideally the standards would be of similar composition to the sample, so that electron beam-
mineral interactions are the same in each case. However this is rarely the case and ZAF 
corrections must be made to account for atomic number, absorption and fluorescence 
of 
differences between sample and standard. 
The elements analysed, the diffraction crystals employed, and the standards used are given in 
Table 5.10. All elements were counted for 120 seconds. No interferences were identified at 
these peak positions (White and Johnson 1970). Initial attempts to analyse the iron content of 
samples, revealed that it was below the limit of detection. 
Table 5.10. Elements selected for electron microprobe analysis, spectrometer specifications and 
standard names and formulae. 
Spear. Element Diffract. Radiation Peak Standard 
Number Crystal Position Name Formula 
1 Mg TAP Ka 38494 periclase MgO 
2 Sr TAP La 26730 celestite SrSO4 
3 Ca PET Kct 38374 wollastonite CaSiO 3 
4 S PET Kcx 61387 celestite SrSO4 
Cracked areas of the thin section were avoided during analysis. Cracks, an uneven polish or a 
slope on the sample surface may interfere with X-ray emission and influence the proportion 
of X-rays collected into each spectrometer. 
5.3.3 Analytical problems 
Electrons interacting in the sample during analysis may do so in an inelastic manner 
resulting in energy loss and heat production. Generation of heat in carbonate samples can 
cause decomposition to CaO and CO 2 gas. As CO 2  is lost, the relative concentration of other 
elements in the sample increases. Calcium count rates increased by approximately 3% over a 
120 s period under the analytical conditions specified. The relative concentration of other 
elements in the carbonate would be expected to increase by a similar order of magnitude. All 
magnesium, strontium and sulphur determinations will be presented as ratios to calcium to 
eliminate volatilisation effects. 
5.3.4 Analytical reproducibility 
As with the ion probe, the reproducibility of the technique was investigated by calculating 
counting statistic errors on single analyses and by comparing immediately adjacent analyses. 
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Counting Statistics 
The error of each analysis was calculated as a function of counting statistics using the 
following formula: 
error (%) = 	
100 
 /;j; 
(( ) - 
(i)) 
where: T = analytical time (seconds), R = peak count rates and Rb = background count rates 
The range of errors observed for each element are shown in Table 5.11. As a function of the 
total number of count rates, these errors take no account of volatilisation, differences in 
beam focusing or fluctuations in beam current between analyses and essentially represent the 
smallest error which can be expected. 
Table 5.11. The range of errors for electron microprobe analysis of each element by counting statistics 
(single analyses) and for element/Ca ratios by comparing analyses between adjacent pairs (n = number 
of pairs). 
Element Range of Range of Std. Dev. Mean Std Dev. n 
Count. Stat. between analyses % % 
Errors (%) 
Mg 5-10 0-16 8 15 
Sr 3-3 0-5 2 15 
Ca 0.2-0.2 - - - 
S 7-9 0-11 6 7 
Reproducibility between analytical pairs 
The variations in element composition between adjacent pairs of electron probe analyses 
were considered as a measure of analytical error. Pairs of analyses were performed on coral 
thin sections, temporally and spatially immediately adjacent to each other (up to 50 Pm 
apart). The element concentrations for each pair are shown in Appendix I. The standard 
deviations of each pair were calculated as ratios and as percentages of the ratios. The range 
of standard deviations and average for each element are shown in Table 5.11. 
As with the ion probe it is not possible to conclude whether the differences between adjacent 
pairs are due to real small scale heterogeneity in element concentrations or are due to 
all 
machine differences between analyses. There is little difference between the counting 
statistic errors and standard deviations calculated between pairs. The standard deviations 
observed between analytical pairs will be used to give a conservative estimate of analytical 
error 
5.4 X-Ray Fluorescence 
Recent studies correlating Sr/Ca ratios in coral aragonite with local surface seawater 
temperatures have concentrated on developing precise methods of analysis to produce high 
resolution records. Sr/Ca concentration are typically analysed using atomic absorption and 
ICP-mass spectrometry and more recently, by thermal ionisation mass spectrometry (Beck et 
al. 1992). Beck etal. (1992) achieved a replicate precision of ±0.03% (2 c) which translates 
into a possible analytical precision of ±0.05°C, using coral samples of approximately 10 jig. 
Although all these methods allow analysis of small size samples and can be used to produce 
very detailed environmental records, they are often awkward and time consuming. I have 
investigated the possibility of using X-ray fluorescence (XRF) to quantify strontium 
concentration in coral skeletal carbonate. 
5.4.1 Sample preparation and analysis 
XRF is based on the principle that a sample excited with high energy x-rays will emit 
secondary radiation with wavelengths and intensities dependant on the elements present. The 
intensity of a characteristic radiation for a particular element reflects its concentration in the 
sample. -Samples are usually presented to the machine in the form of pressed powder pellets 
or as fused discs. It is likely that a higher proportion of the secondary radiation from the 
front and centre of the sample is collected than from the sides and back. It is therefore vital 
that samples presented to the machine are the same size and are completely homogenous. I 
have developed methods for preparing both pressed powders and fused discs of small 
carbonate samples. I shall describe each method and present reproducibility data. All 
samples were analysed using a Philips PW1480 X-ray spectrometer. 	- 
Pressed powder samples 
Coral samples were mixed with a binding agent to produce a sufficiently bulky sample for 
pressing. During technique development a variety of binding agents e.g. cellulose, elvacite 
and boric acid and mixing methods were investigated. Eventually the following regime was 
adopted. 
Coral samples were ultrasonically cleaned and rinsed in distilled water, dried in an oven at 
50°C and ground to a fine powder using an agate mortar and pestle. For each disc, 0.1000 ± 
0.0001 g of coral sample and 5.0000 g of boric acid were weighed into a glass vial. Two 
plastic balls (diameter 9 mm) were added to each vial, it was sealed and placed in a shaking 
mixer for twenty minutes. The mixed sample was then poured into a pressing mould and the 
mixing ball removed. Powder sample remaining in the mixing vial was brushed into the 
pressing mould using a paintbrush. The sample was pressed at 5 tonnes for 30 seconds, 
removed from the pressing mould and stored in a desiccator prior to analysis. 
The spectrometer was calibrated using a range of standards prepared from specpure 
strontium and calcium carbonates. Standard strontium concentrations ranged from 
600-10000 ppm. A linear relationship was observed between strontium concentration and 
intensity of response. 
Multiple analyses on individual discs yielded a high degree of reproducibility for strontium 
analysis (±0.28 - 0.33% - I(Y) but a lesser degree for calcium (±0.64 - 0.93% - 10). 
Reproducibility in strontium concentration between samples produced from two coral 
standards was ±0.37% (I a, n=3) and ±0.14% (1 a, n=4). Reproducibility of calcium 
determination between discs was ±3.4% (I u, n=3). 
Fused disc samples 
Fusing of samples is preferable to pressed powder samples as it ensures complete 
homogeneity. However small size coral samples i.e. 0.1 - 0.2 g, fused with lithium 
tetraborate flux at high temperature, shattered on casting due to the lack of glass-forming 
elements in the sample. Fairchild et al. (1988) suggested that carbonate must comprise at 
least 20% of the total sample mass fused for successful casting to occur. Addition of pure 
silica, which can prevent devitrification (Fairchild et al., 1988), was also unsuccessful. 
However, fused samples could be ground to fine powders and pressed into pellets without 
further dilution. The following method was developed. 
Samples, mass 0.03 - 0.05 g were weighed into platinum crucibles and the total mass of the 
sample made up to 5 g with lithium tetraborate flux. Sample and flux were fused in a furnace 
at 1200°C for 20 minutes. Cooled samples were removed from the crucibles and ground to a 
fine powder in a tungsten carbide gyromill. An exact mass of the powder, approximately 
4.5 g, was mixed with four drops of binding agent (Mowiol 2% PVA) and pressed into a 
powder disc. The strontium content -of each  disc was analysed and corrected for the original 
mass of the sample. Multiple analyses of single samples gave errors of ±0.08 - 0.69% for 
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strontium and ±0.27 - 3.20% for calcium. Standard deviations calculated from analysis of 
replicate pairs produced using the same mass of sample from a coral standard were 
±0.16-2.80% (1y) for strontium. 
5.4.2 Discussion of different preparation methods 
Although smaller carbonate samples could be analysed by the second method, strontium 
reproducibility was decreased. This reduction in reproducibility was observed in discs 
produced from relatively large samples (0.05 g) and was not just a function of the reduction 
in sample size. I experienced some difficulty in producing a homogeneous mix between the 
powdered fused discs and the binding agent and the resulting pressed discs had an uneven 
colour and texture. This may have been at least partly responsible for the reduction in 
reproducibility. 
For both methods, calcium data were much less reproducible than strontium. This is due to 
the absorption of calcium secondary radiation in the sample and does not reflect 'real' 
variations in Ca concentration. This effect can be eliminated by considering Sr 
concentrations as ppm or by converting them to Sr/Ca ratios using a nominal value of 
calcium concentration. 
By the first method strontium precision is approximately ±0.05% (1G) corresponding to a 
temperature precision of ±0.5°C. It is likely that the limiting factor in improving strontium 
reproducibility by this method is the precision of sample weight. It is therefore very 
important that all samples for comparison are weighed on the same balance calibration. 
5.5 Comparing different methods of strontium and magnesium analysis 
5.5.1 Materials and methods 
The outer growth interval of coral PB9 was analysed by the three different analytical 
techniques: ion microprobe, electron microprobe and XRF. A sample block, approximately 
1 cm x 1 cm x width of growth interval (ca. 1 cm) was cut from the growth interval 
(approximately November 1990 - July 1991). The block was divided into two, lengthways. 
One half was made into a thin section for strontium, magnesium and calcium analysis by ion 
and electron microprobe. Analyses were made at regular intervals along the thin section. Ion 
and electron microprobe analyses were performed immediately adjacent to each other. The 
other half of the block was divided into four samples, widthways, and each sample was 
analysed for strontium by XRF. 
5.5.2 Results 
All determined concentrations are presented in Table 5. 12. Ion and electron microprobe 
results are presented in mmol mol 1 Ca. XRF results are presented in mmol mold Ca 
assuming calcium comprises 38% of the sample mass. In pure CaCO 3 , calcium comprises 
40.08% of the compound mass. Coral aragonite contains less calcium due to the inclusion of 
several contaminant ions, foremostly Na (Ca. 10000 ppm), Sr (Ca. 7000 ppm) and Mg (Ca. 
1000 ppm) and due to the inclusion of an organic matrix. Actual calcium concentrations 
determined by electron probe analysis ranged from 38.41 - 39.00 weight %. These are almost 
certainly overestimates due to the volatilisation of the sample which occurs during analysis 
(section 5.3.3). 
Table 5.12. Sr and Mg concentrations, determined by ion microprobe, electron microprobe and XRF 
analyses. 
Sr (mmol mold Ca) Mg (mmol mold Ca) 
ion probe electron probe ion probe electron probe 
Analysis 1 8.56 8.62 4.28 4.35 
Analysis 2 8.45 8.28 3.88 3.41 
Analysis  8.70 8.47 4.11 5.96 
Analysis 4 8.45 8.38 4.77 3.74 
Analysis 5 8.46 8.41 4.53 3.78 
Analysis 6 8.53 8.41 5.92 4.11 
XRF 
Analysis A 8.34 - 
Analysis B 8.39 - 
Analysis C 8.29 - 
Analysis D 8.45 - 
Sr and Mg concentrations are presented graphically in Figures 5.3 and 5.4 respectively. 
Ion and electron microprobe analyses are directly comparable as they were made 
immediately adjacent to each other on the same thin section (approximately 50 pm apart). It 
is not possible to analyse exactly the same piece of coral by XRF but the samples analysed 
come from the same block of coral. 
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Figure 5.3. Strontium concentrations across the outermost growth interval of coral PB9, determined 
by different analytical methods. The sample positions of ion and electron microprobe analyses are 
shown as points; the position of XRF are shown as blocks. Typical error bars (1 a) associated with 
each method are illustrated. 
Method of analysis: 










Typical error bars 
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Figure 5.4. Magnesium concentrations across the outermost growth interval of coral PB9, determined 
by different analytical methods. Typical error bars (1 (Y) associated with each method are illustrated. 
Method of analysis: 
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5.5.3 Discussion 
Sr concentrations determined by the different methods are generally comparable within 
analytical error. However, XRF analyses produced consistently lower determinations than 
ion microprobe analyses. This may reflect geochemical heterogeneity between the two series 
of samples analysed. The majority of concentrations determined by electron probe (analysis 
of the same sample areas) are also lower than the ion microprobe analyses. A homogenous 
strontium carbonate standard is not available for calibrating the ion probe (section 5.2.4) and 
it seems likely that the Sr values determined by ion probe are slight overestimates of the real 
values. 
Mg concentrations determined by ion and electron microprobe analyses are not always 
comparable within analytical error. There is no consistent relationship between the two sets 
of ratios to suggest a miscalibration. It is possible that the large differences in ratios between 
the methods reflect geochemical heterogeneity of the coral which was not observed in the 
original experiments to assess the reproducibility of the techniques. 
5.6 Summary 
The electron microprobe beam (10 x 10 pm) has a finer spatial resolution than the ion 
microprobe (30 pm diameter beam) but the precision of magnesium and strontium analyses 
(±8% and ±2% respectively) is slightly lower to that observed on the ion microprobe (±5% 
and ± I % respectively). In theory, up to 500 analyses can be made immediately adjacent to 
each other across a 15 mm growth band using a 30 pm ion probe beam and an even higher 
spatial resolution can be obtained with the electron microprobe. XRF analysis requires 
relatively large size samples (0.1 g) and only 7-8 samples can be produced from across an 
annual growth band. However the precision of strontium analysis by this method is less than 
±0.5%. 
A precision of ±1% in strontium determination translates to a possible precision of ±1CC on 
the strontium palaeothermometer. The annual range in seawater temperature around Phuket 
is 3-4°C and it is unlikely that the electron microprobe technique will be sufficiently 
sensitive to detect the variations in Sr concentration associated with these temperatures. 
Required precision and spatial resolution are only two of the factors which must be 
considered when selecting which method of analysis to use. The ion probe can analyse many 
elementsat trace levels i.e. ppb. However it is not possible to analyse both positive and 
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negative ions at the same time. In addition, homogenous carbonate standards do not exist for 
many of the elements analysed here and the accuracy of analysis may suffer. The method is 
also expensive and is not widely available. 
The electron probe provides a cheap alternative to the ion probe. However the precision of 
analyses is decreased, many trace elements are not detectable and volatilisation of the sample 
during analysis may also affect the precision of determinations. 
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Chapter 6. Minor and trace element geochemistry of the coral skeletons 
6.1 Introduction 
Analysis of the trace and minor element geochemistry of coral skeletons has primarily been 
used as a tracer of the chemistry of local seawater and of seawater temperature. It is possible 
that analysis of annually banded massive coral skeletons may yield high resolution 
palaeoenvironmental records spanning several centuries. Skeletal geochemistry has also been 
examined in the elucidation of calcification processes, as an indication of diagenetic 
alteration, in radiometric dating and in relation to polluting activities. Variations in trace and 
minor element geochemistry have also been related to coral calcification rates and to the 
relative concentrations of zooxanthellae in the coral tissues. 
The pathways for incorporation of trace and minor elements into coral aragonite are 
discussed in section 5.1. These contaminant ions can substitute for calcium in the aragonitic 
lattice, adsorb onto exposed aragonite or bind to the organic material which becomes 
disseminated throughout the skeleton. Trace and minor element contamination of the 
skeleton also occurs due to inclusion of particulate materials in skeletal pores, through 
diagenesis and due to deposition of organic and inorganic cements. 
Some authors have suggested that the trace element/calcium ratio of the mineral phase is 
proportional to the ratio of the two elements in local surface seawater and adopted rigorous 
cleaning procedures to remove all other contamination from the skeleton. However it is 
extremely unlikely these pretreatments will be able to remove the organic materials which 
are finely disseminated throughout the carbonate in minute intercry stal line and 
intracrystalline voids (Gaffey and Bronnimann 1993). Other authors examine relatively 
untreated samples which almost certainly include a higher proportion of organic material and 
still include elements incorporated by adsorption onto the skeletal wall. Budd etal. (1993) 
even examined the quantity and composition of insoluble residue incorporated into skeletal 
aragonite i.e. the particulate material trapped in the aragonite or enclosed in skeletal pore 
spaces. 
In this chapter I present results of trace and minor element determinations in the Porites 
lutea coral skeletons collected from Phuket. The ion and electron microprobes were used to 
investigate the geochemical composition of different morphological areas of the coral 
skeleton e.g. centres of calcification and microborings. High resolution records of seasonal 
trace and minor element variations were produced using the ion microprobe (beam diameter 
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30 pm). Seasonal variations in strontium concentration were also determined using the XRF 
(X-ray fluorescence) method. This method requires much larger samples but has a higher 
precision than the ion microprobe. I also examined the relationship between skeletal 
strontium concentration and calcification rate using the XRF method. 
6.2 Previous work 
Determinations of trace and minor element concentrations of coral skeletons can be used to 
calculate distribution coefficients (KD) i.e. the proportion in which the element/Ca seawater 
ratio is incorporated into the skeleton. Shen (1986) and Shen and Boyle (1988) concluded 
that Cd, Ba and Sr were incorporated into the skeletal mineral phase with a KD  of Ca. 1. The 
distribution coefficients of some elements also shows some temperature dependence e.g. 
strontium (Smith et al. 1979) and it is possible that coral calcification rate affects the 
composition of the coral skeleton. Weber (1974) suggested ions with larger ionic radii than 
calcium e.g. Sr2+, would be slower to diffuse to calcification sites and relatively fast 
skeletogenesis would discriminate against their uptake. In contrast, Dodd (1965) suggested 
slower growth would enable organisms to more effectively exclude contaminant ions from 
calcification sites. 
Zooxanthellae may play some part in the control of trace element incorporation in the 
skeleton. There is no question that the presence of the algal symbionts enhances coral 
skeletogenesis (Goreau 1959) and this may affect the incorporation of elements which are 
already influenced by growth rate. Zooxanthellae may also play a more direct role in the 
regulation of trace elements. Harland and Nganro (1990) observed increased concentrations 
of Cu in sea anemone zooxanthellae compared to the surrounding host tissues. Overall, Cu 
concentration of the anemone was regulated by the subsequent expulsion of some algae from 
the host. Algal loss has been reported in corals exposed to elevated concentrations of Cu 
(Howard et al. 1986, in Harland and Nganro, 1990) and Fe (Harland and Brown 1989). In 
addition, Buddemeier et at. (198 1) reported higher Ba concentrations in zooxanthellae than 
- host coral tissues. Howard and Brown (1987) observed significant increases in the 
concentrations of ten elements in whole coral tissues from the reef adjacent to the tin smelter 
at Phuket compared to a control reef. However there were no significant differences in the 
skeletal concentrations of any of these elements between the two groups of corals. This 
suggests the coral can modify the trace and minor element concentrations of the inorganic 
pool available for calcification. 
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In the remainder of this section I review current knowledge regarding coral skeletal 
chemistry of the elements analysed in this chapter i.e. Mg, Fe, Mn, Cu, Rb, Sr, Ba, Pb, and 
U. I also summarise the previous work on the geochemistry of seawater and corals from the 
Phuket area. 
Strontium 
Sr exists in seawater as a hydrated cation (Sr 2 ). Surface waters may show some slight 
strontium depletion, compared to deep ocean waters, due to the incorporation of SrSO 4 in 
plankton (Bruland 1983). However the spatial and temporal gradients of Sr/Ca are believed 
to be very low and the Sr/Ca ratio of seawater is generally regarded as a constant. 
Reported coral skeletal Sr concentrations vary from Ca. 6000-8000 ppm. Amiel et al. (1973) 
concluded that the majority of skeletal Sr substitutes in place of calcium in the aragonitic 
lattice with up to 7% associated with organic compounds in the skeleton. Skeletal Sr/Ca 
directly reflects seawater Sr/Ca (Swart 1979) and the distribution coefficient, KD,  is 
approximately 1. However, the distribution coefficient of Sr in aragonite does show some 
temperature dependence, both in inorganically precipitated aragonite (Kinsman and Holland 
1969) and in laboratory and field studies of coral skeletal material (Houck et al. 1977 and 
Smith et al. 1979, respectively). It is possible that skeletal Sr/Ca ratios may reflect sea 
surface temperatures with a resolution of up to 0.5°C. 
The following equations between water temperature (T°C) and Sr concentration (R .tmol 
mo1 1 Ca) have been established for Porites corals: 
R = 10.94 - 0.070T (Porites spp., Smith et al. 1979) 
R = 10.72 - 0.062T (Porites lobata, Beck etal. 1992) 
These equations differ in both slope and intercept from the equation established for inorganic 
aragonite precipitation (R = 10.66 - 0.039 T, Kinsman and Holland 1969). Smith etal. 
(1979) suggested this difference may be partly explained by calibration differences between 
laboratories or may represent a 'vital effect' i.e. some biological mediation of the Sr/Ca ratio 
precipitated. 
Not all authors have observed the Sr/Ca concentrations expected from annual temperature 
data. Schneider and Smith (1982) concluded that seasonal variations in skeletal Sr of some 
corals reflected annual temperature ranges, but that genetic differences between coral 
populations caused offsets from the temperature equation. Muir (1984) found no variation in 
Sr concentration in Porites corals from the Great Barrier Reef, Australia, exposed to an 
annual temperature range of 3-4°C. Smith and Cuff (pers. comm. in Muir 1984) suggested 
the strontium palaeothermometer may work best under conditions of few external influences 
i.e. well flushed locations, free from terrestrial and human inputs. 
Several authors have investigated the effect of coral growth rate on skeletal strontium. 
Houck et al. (1977), Smith etal. (1979) and Swart (1979b) observed no changes in skeletal 
Sr when they induced changes in coral growth rate by altering insolation, salinity, water 
motion and seawater chemistry. However, De Villiers etal. (1993) observed significant 
differences in the skeletal Sr content of two profiles from the same coral head, with higher Sr 
values associated with slower extension rates. Swart ( 198 1 a) observed higher Sr 
concentrations in corals from the inner reef flat compared to those from the outer reef and 
concluded that some genetic adaptation to the former unfavourable environment affected Sr 
incorporation. 
Magnesium 
Magnesium occurs in seawater as a hydrated cation and exhibits a near constant ratio to 
salinity (Bruland 1983). Reported coral skeletal Mg concentrations vary from 
1000-1100 ppm (Pocillopora spp., Howard and Brown 1987) to 1100-2100 ppm (Montastrea 
spp., Goreau 1977b). Amiel etal. (1973a) concluded that 70-80% of coral skeletal Mg was 
included in the mineral phase, a few percent were associated with organic material and the 
remainder occurred on adsorbed sites. Swart (1981b) observed no increase in skeletal Mg 
concentrations after artificially elevating Mg/Ca seawater ratios. There is no consensus 
regarding the relationship between coral calcification rate and skeletal Mg. Goreau (1977b) 
reported an inverse relationship while Swart (1981b) concluded the parameters were 
positively related. 
Barium 
Barium commonly has a nutrient type distribution in seawater i.e. surface depletion and 
enrichment at depth. It has been examined in coral skeletons in relation to past oceanic 
upwelling events. Reported concentrations of coral skeletal barium vary widely. Howard 
and Brown (1987) reported Ba concentrations of 8.2-9.6 ppm in Pocillopora damicornis 
skeletons from Phuket. Pingitore et al. (1989) reported concentrations of 5-7 ppm and 6-15 
ppm in Montastrea annularis and Acropora palmata specimens respectively, from Barbados. 
Shen etal. (1992) adopted rigorous cleaning of samples before analysis and reported 
concentrations of Ca. 	iimol mol 1 Ca in a Pavona clavus specimen from the Galapagos 
Islands. They concluded that Ba substitutes for calcium in the aragonite lattice with a 
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distribution coefficient of ca. 1. Pingitore etal. (1989) suggested Ba is incorporated in the 
skeleton by occlusion (adsorption onto aragonite and subsequent burial under newly 
precipitated crystals). 
Lea et at. (1989) suggested the barium distribution coefficient may show some temperature 
dependence and concluded the barium in a Pavona c!avus skeleton from the Galapagos 
Islands recorded the combined effects of changes in seawater temperature and variations in 
the local Ba/Ca seawater ratio consequent on oceanic upwelling. Shen et at. (1992) observed 
a good correlation between skeletal Ba/Ca and seawater temperature caused by seasonal and 
intra-annual upwelling cycles. Seasonal Ba cycling has also been related to terrestrial inputs 
from freshwater runoff or from river discharge (Shen and Sanford, 1990). Pingitore et al. 
(1989) concluded that Ba incorporated into the skeleton by occlusion is positively affected 
by increases in coral growth rate. 
Uranium 
A summary of established coral skeleton uranium concentrations and their calculated 
partition coefficients is given in Swart and Hubbard (1982). Reported uranium 
concentrations vary between 1.5-3.0 ppm and the associated KD  vary from 0.51 to 1.9. These 
distribution coefficients were calculated assuming U exists as a free ion in seawater. Swart 
and Hubbard (1982) calculated that the majority actually exists as uranyl carbonate 
complexes: UO2(CO3)2 2 and UO2(CO3)3 . Swart and Hubbard calculated KD  of 
ca. 0.001 assuming seawater U exists in the above complexes and concluded U is heavily 
discriminated against in calcification. 
Amiel et al. (1973b) concluded that the majority of skeletal U occurred in the mineral phase. 
The skeletal organic phase contained 40-70 ppm U but as this phase only occupied 
0.1-0.15% of the total coral weight, it did not significantly contribute to the overall coral 
skeletal concentration. Less than 2% of skeletal U occurred in adsorbed sites. Swart and 
Hubbard (1982) concluded that while skeletal U was directly proportional to the 
concentration in seawater, the element did not substitute in place of calcium in the aragonite 
lattice. They suggested that the uranyl carbonate complexes may substitute for one or more 
CaCO3  group in the mineral phase. 
Once again there is little agreement on the relationship between skeletal U concentrations 
and growth rate. Schroeder etal. (1970) reported an inverse relationship between growth rate 
and skeletal U concentration in different parts of the coral skeleton. They suggested that 
seasonal growth rate variations were reflected in skeletal U. Swart and Hubbard (1982) 
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found no heterogeneity in the skeletal U distribution of samples prepared from recently 
living coral skeletons. Swart (1979b) observed no relationship between growth rate and 
skeletal U concentration. 
Copper 
Livingston and Thompson (197 1) observed Cu concentrations of 2-7 ppm in a Porites 
porites specimen corresponding to KD  of 0.7-2.6. Linn et al. (1990) observed concentrations 
of Ca. 25 nmol mo1 1 Ca corresponding to KD  of 0.3 in Pavona clavus specimens from 
Galapagos Islands and concluded that Cu substitutes in place of Ca in the aragonitic lattice. 
Other observed concentrations of Cu range from 280 ppb (St. John 1974) to 10.5-11.6 ppm 
(Howard and Brown 1987). There is some evidence that coral tissue Cu concentrations are 
regulated by zooxanthellae (Howard et at. 1986). The algae may accumulate copper and then 
be subsequently expelled from the host tissues. 
Manganese 
Manganese has a distribution in seawater approximately opposite to that of nutrient type 
elements i.e. it is normally enriched in surface waters compared to the rest of the water 
column. Shen etal. (1991) reported Mn concentrations of 23-1030 nmol mo! -1 Ca in various 
coral species. They concluded that Mn probably substituted in place of Ca in the aragonite 
lattice and calculated KD  of 0.1-0.5. Linn etal. (1990) calculated KD  of ca. 1. Linn etal. 
(1990) and Shen etal. (1992) reported annual seasonal cycles of Mn of ca. 50-150 and 
100-200 nmol mo! -1 Ca in Pavona corals from Galapagos Islands. Seasonal variations were 
the approximate reverse of nutrient type elements e.g. Ba, and concentrations showed large 
increases during the strong El Niño-Southern Oscillation event in 1982-1983 when the usual 
oceanic upwelling failed. 
Lead 
Reported skeletal Pb concentrations vary from 6-9 nmol molt Ca (Linn etal. 1990) to 
10-100 ppb (Shen and Boyle 1987). Shen and Boyle (1987) concluded that Pb can substitute 
for Ca in the aragonite lattice and calculated a KD  of 2.3 (Shen and Boyle 1987). Linn et al. 
(1990) calculated a KD  of 1.8. Dodge and Gilbert (1984) reported concentrations of 
10.3-24.5 nmol mold Ca and 44-103 nmol mold Ca in corals from pristine and polluted 
reefs, respectively. The upper limits of each range were observed in the most recently 
deposited material and the authors suggest this may reflect global or local pollution. 
Rubidium 
There is little mention in the literature of Rb determinations in coral skeletons. Sreekumaran 
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and Gogate (1972) reported a skeletal Rb concentration of 0.87 ppm in a Porites coral. 
Iron 
Reported skeletal Fe concentrations in Porites include 2 ppm (St. John 1974); 25 and 45 ppm 
(Livingston and Thompson 197 1) and 73 ppm (Brown and Holley 1982). Brown etal. (199 1) 
observed iron band formation in coral skeletons from around Phuket. They suggested that 
coral tissue retraction occurred under conditions of increased environmental stress and iron 
oxyhydroxide compounds were deposited directly onto the exposed coral skeleton. Analyses 
of iron band areas would contain Fe concentrations far in excess of those mentioned above. 
Geochemical analysis of microborings 
Amiel etal. (1973a) examined the Mg composition of vacated bore holes in coral skeletons 
and found no significant differences with concentrations of the surrounding coral material. 
Gvirtzman etal. (1973) examined the U concentrations of biogenic and abiogenic cements 
precipitated in coral skeletal material. Unaltered coral material contained ca. 2 ppm; 
skeletons deposited by coralline algae contained approximately 0.6 ppm and inorganic 
aragonite cements contained up to 3 ppm. Swart and Hubbard (1982) observed a relative 
enrichment in U in corals infested with boring sponges. They suggested the increase was 
either due to sponge activity or to inorganic aragonite precipitation in the boring voids. 
Geochemistry of reefs in the Phuket area 
The tin smelter, shown in Figure 1 .1, has been in operation for 29 years. Several papers have 
reported effects of effluent discharge on the surrounding reef. Howard and Brown (1987) 
found significantly higher concentrations of Ca, Sr, Zn, Cr, Co, Ni, Mo, Mg, Na and K in 
coral tissues sampled from the tin smelter site compared to a control site. However, no 
significant differences were observed between metal concentrations in the coral skeletons at 
the different sites. Brown and Holley (1982) did report elevated concentrations of many 
metals in coral skeletons from several sites around the south east peninsula of Phuket 
compared with corals from Indonesia. Howard and Brown (1987) observed no increases in 
Al and Fe concentrations in coral tissues at the tin smelter reef and concluded that the 
increases in other metals in the tissues were due to uptake from seawater solution rather than 
from particulate materials. 
Brown and Holley (1982) found no elevation in the Cu, Zn and Fe concentrations of analyses 
of coral skeleton at the tin smelter site compared to control sites. Coral tissues from the tin 
smelter site, analysed with the associated skeletal material, also showed no significant 
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elevations in these elements. However coral tissue only made up a small percentage of the 
total sample weight and it is possible that a significant increase in the tissue concentration 
was masked by inclusion of the skeletal material. 
Brown and Holley (1982) reported elevated iron concentrations in intertidal pools on the reef 
at the tin smelter site. Brown et al. ( 199 1 ) reported coral tissue retraction and direct 
deposition of iron compounds on the exposed coral skeleton in several coral species in 
colonies covered by these pools at low tide. 
6.3 Geochemistry of the different morphological areas of coral skeletons 
A number of small scale morphological features are visible when thin sections of coral are 
examined by microscope in transmitted light. Centres of calcification and microborings, as 
well as the 'normal' unaltered crystal areas of the trabeculae are illustrated and described in 
Chapter 2. Scanning electron microscopy (SEM) revealed that microborings and centres of 
calcification frequently appear as hollows in the coral skeleton. Occasionally a smooth, 
amorphous or exceptionally fine-grained material was found lining the inside of microboring 
holes. This is either organic material deposited by the boring organism or is a biogenic or 
abiogenic precipitate. 
The size of the beam in the ion and electron microprobes, approximately 30 pm diameter and 
10 x 10 pm square respectively, allowed analysis of the different morphological areas. In this 
section I present results on the trace and minor element concentrations of these areas, as 
determined by both methods of analysis. 
6.3.1 Sample preparation and analysis 
Thin sections of coral material were prepared by the method described in Section 5.2.1. All 
sections were prepared from the maximum growth axes of the corals, perpendicular to the 
coral surface. All sections were polished with industrial diamond paste. Analyses were made 
by three different methods: electron microprobe spot analyses, ion microprobe spot analyses 
and ion microprobe line analysis. 
Electron microprobe spot analyses 
Electron microprobe analyses were performed in pairs, between 50-100 pm apart, on the 
thin sections. One analysis was always on a visibly unaltered crystal area of the trabecula 
while the other was on a microboring or a centre of calcification. Control pairs of analyses, 
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both on unaltered crystal areas of the trabecula, were performed while assessing the 
reproducibility of the electron probe technique (section 5.3.4). Results of these analyses were 
used to estimate the maximum analytical error of the technique. The electron probe was used 
to determine Mg, Ca, Sr and S concentrations. All element concentrations are presented as 
ratios to Ca to eliminate effects of variations in beam focusing and current. The Mann 
Whitney U test (a non-parametric test, sensitive to differences between medians) was 
employed to test the statistical significance of differences in trace and minor element 
concentrations between unaltered areas and microborings or centres of calcification. 
Relatively few electron probe analyses were performed so comparisons between the ranges 
of Mg, Sr and S concentrations found on all unaltered areas, microborings and centres of 
calcifications were also made. Although these analyses were not performed adjacent to each 
other, a general comparison of the range of element concentrations observed on the different 
areas can be made. 
Ion microprobe spot analyses 
Pairs of adjacent analyses were performed, as for the electron probe, analysing the following 
isotopes: 26Mg, 44Ca, 54Fe, 55Mn, 65Cu, 85 Rb, 88Sr, 138Ba, 208Pb and 238U. All calculated 
element concentrations are presented as ratios to Ca to eliminate effects of variations in 
beam focusing and current. Control pairs of analyses, both on unaltered crystal areas of the 
trabecula, were performed while assessing the reproducibility of the ion probe technique 
(section 5.2.5). Results of these analyses were used to estimate the maximum analytical error 
of the technique. To eliminate any differences caused by calibration of the ion probe between 
analytical sessions, all comparisons were made between pairs of analyses performed in the 
same session. The Mann Whitney U test was employed to test the statistical significance of 
differences in trace and minor element concentrations between unaltered areas and 
microborings or centres of calcification. 
Previous work (section 5.2.3) has shown that during sample polishing epoxy resin becomes 
smeared across the thin section. Contamination may significantly affect Fe, Mn and Pb 
determinations. Any analysis which showed a decrease in secondary ion counts over the 
analytical period, indicating surface contamination, was eliminated from the data set. The 
remaining determinations of these elements are interpreted with caution. 
For some isotopes analysed by ion microprobe, i.e. Fe, Cu, Pb and U, only two or three 
sample pairs were available to compare geochemical data between UA and MB areas. This 
sample size is too small to allow any conclusions concerning geochemical heterogeneity to 
be made. Therefore I have also presented the range of concentrations of each of these 
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elements on unaltered areas and microborings in the skeleton during the January 1993 probe 
session when most of these analyses were performed. Although these analyses were not 
performed adjacent to each other, a general comparison of the range of element 
concentrations observed on bored and unaffected areas can be made. 
Ion microprobe step scan analysis 
The ion microprobe was used to analyse a transect across a coral thin section. The ion 
microprobe beam was focused to approximately 10 pm diameter on a coral thin section, on 
part of the section filled with epoxy resin, adjacent to the coral material. A "burn-in" time of 
two minutes was used to allow the primary beam to burn through the gold coat and to 
stabilise on the sample before analysis began. After the 'burn-in' time was complete the 
secondary ion beam was analysed for 26Mg (30 seconds), 'RCa (lOs) and 138 13a (90s). After 
the analysis the thin section was automatically moved 10 pm along and the procedure was 
repeated. In total eighteen analyses were performed across the transect, covering epoxy resin, 
aragonite crystals and a centre of calcification. 
6.3.2 Results 
Electron microprobe spot analyses 
Trace and minor element concentrations of each pair of unaltered areas of the crystal 
trabeculae (control) and microborings or centres of calcification (CC) analyses are shown in 
Appendix J. The ranges of concentrations and average concentrations observed are 
summarised in Table 6.1. 
Table 6.1. Ranges of Mg, Sr and S concentrations observed on pairs of analyses on centres of 
calcification or microborings and control areas of the skeleton, determined by electron microprobe. 
Average values and numbers of analyses (n) are shown parenthetically. 
Element CC Microboring Control 
Mg 4.11 -7.08 3.66-7.12 3.47-5.03 
(mmol mold Ca) (5.40, n=9) (4.59, n=8) (4.44, n=17) 
Sr 8.19 - 8.84 8.87 - 9.15 8.40 - 9.26 
(mmol mol 1 Ca) (8.56, n=9) (9.01, n=8) (8.7 1, n=17) 
S 5.32 4.87 - 5.87 5.15 - 5.51 
(pmol mol' Ca) (n1) (5.36, n=4) (5.30, n=5) 
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Mann Whitney U values were calculated to determine the significance of differences in 
element concentrations between the different areas (Table 6.2). As the data were collected in 
pairs the sample sizes (n) for unaltered areas and microboring or centre of calcification 
analyses are the same. Levels of significance were read from statistical tables (Lindey and 
Scott 1984). 
Table 6.2. Mann Whitney U values and levels of significance (n.s. = not significant) between trace and 
minor element compositions of visibly unaltered areas of the aragonite and microborings (MB) or 
centres of calcification (CC), as determined by electron microprobe. Sample sizes (n) were the same 
for both unaltered and MB/CC analyses. 
Element 
CC MB 
U Value 	Significance U Value 	Significance 
Mg/Ca 8.5 (n=9) 	0.005 21 (n=8) 	n.s. 
S/Ca - 	 - 8 (n=4) 	n.s. 
Sr/Ca 37 (n=9) 	n.s. 13 (n=8) 	0.025 
Magnesium concentrations on the centres of calcification were significantly higher than 
those on adjacent unaltered areas of the crystal trabeculae. Strontium concentrations on the 
microborings were significantly higher than concentrations on the surrounding unaltered 
areas of the crystal trabeculae. None of the remaining results were significant. The 
differences in Mg and Sr concentrations between UA and MB/CC pairs are illustrated in 
Figures 6. la and b respectively. The concentration difference between the pair of analyses is 
presented as a percentage of the concentration of the UA analysis. 
Positive values indicate an increase in element concentration on the MB/CC analysis 
compared to the UA analysis. Negative values indicate a decrease. As a control, the 
concentration differences observed between pairs of UA analyses are also illustrated. The 
difference in concentration between the two analyses is presented as a percentage of the 
lowest concentration observed. Calculating the difference between the two analyses by this 
method ensured that the maximum possible analytical error is illustrated. 
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Figure 6.1. Differences in element concentrations between UA (visibly unaltered areas of the crystal trabecula) and MB or CC areas (centres of 
calcification or microborings), as determined by electron microprobe analysis. Positive values represent an increase in element concentration on 
the MB/CC area; negative values represent a decrease. Differences between control analyses (both analyses performed on UA areas) are all 








The ranges of element concentrations observed on each of the different areas in all analyses 
are shown in Table 6.3. Some analyses on centres of calcification and microborings have 
higher Mg concentrations than seen in analyses on the unaltered crystal areas. The ranges of 
concentrations of Sr and S on centres of calcification and microborings fall within the 
concentration ranges observed on unaltered areas. 
Table 6.3. The ranges of element concentrations (mmol mol' Ca for Sr and Mg; pmol molt Ca for S) 
observed on all unaltered areas, microborings and centres of calcification by electron microprobe 
analysis. Average concentrations and number of analyses (n) are shown parenthetically. 
Element CC MB UA (Control) 
Mg 4.20 - 7.05 3.69 - 7.72 2.85 - 6.21 
(mmol mol' Ca) (5.37, n=10) (5.20, n=16) (4.53, n=43) 
Sr 8.20-9.31 8.61 -9.31 8.29-9.41 
(mmol mol 1 Ca) (8.66, n=10) (8.99, n=16) (8.85, n=43) 
S 5.09 - 5.73 4.07 - 5.85 4.20-573 
(Mmol mol 1 Ca) (5.34, n=3) (5.09, n=1 1) (4.96, n=24) 
Ion microprobe spot analyses 
The element concentrations and the differences in the geochemical composition between 
pairs of unaltered crystal areas and centres of calcification or microborings are shown in 
Appendix K. The ranges of concentrations and average concentrations observed are 
summarised in Table 6.4. 
Mann Whitney U values were calculated to determine the significance of trace element 
differences between the different morphological areas (Table 6.5). As the data was collected 
in pairs the sample sizes (n) for unaltered and centres of calcification and microboring 
analyses were the same. Levels of significance were read from statistical tables for sample 
sizes of twenty or less (Lindey and Scott 1984) or were calculated using the formulae in 
Cheeney (1983) for sample sizes over twenty. 
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Table 6.4. Ranges of Mg, Fe, Mn, Cu, Rb, Sr, Ba, Pb and U concentrations observed on pairs of 
analyses on centres of calcification or microborings and control (visibly unaltered) areas of the 
skeleton, determined by ion microprobe. Average values and numbers of analyses (n) are shown 
parenthetically. 
Element CC Microboring Control 
Mg 3.26 - 7.50 2.72 - 5.82 3.25 - 7.54 
(rnmol moF 1 Ca) (5.24, n=39) (4.35, n=13) (4.76, n=52) 
Fe 21-69 26-78 22-78 
(pmol mo1 1 Ca) (33, n=1 1) (53, n=3) (36, n=14) 
Mn 0.39 - 3.06 0.41 -3.28 0.29-2.59 
(limol mol' Ca) (1. 13, n=23) (1.37, n=8) (1. 17, n=31) 
Cu 45 - 66 49 - 66 32 - 65 
(jimol mol 1 Ca) (57, n=10) (55, n=2) (50, n=12) 
Rb 0.14-0.59 0.11-0.65 0.16-0.74 
(Mmol mol 1 Ca) (0.32, n=22) (0.29, n=7) (0.29 n=29) 
Sr 7.18 - 9.06 7.53 - 9.05 7.21 - 8.7 
(mmol mo1 1 Ca) (8.13, n=40) (8.14, n=13) (8.00, n=53) 
Ba 1.31 -269.80 1.73-49.66 0.96-9.91 
(pmol mol 1 Ca) (13.79, n=40) (12.67, n=13) (4.07, n=53) 
Pb 0.0 - 6.0 0.0 - 3.3 0.0 - 4.2 
(Mmol mol' Ca) (1.84, n=21) (1.43, n=4) (1.29, n=25) 
U 0.18-0.29 0.18-0.24 0.17-0.29 
(Itmol mold Ca) (0.22, n=5) (0.21, n=2) (0.22, n=7) 
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Table 6.5. Mann Whitney U values and levels of significance (n.s. = not significant) between trace and 
minor element concentrations of unaltered areas and centres of calcification or microborings, 
determined by ion microprobe analysis. Sample sizes (n) were the same for both unaltered and centres 
of calcification or microborings. 
Element 
Centre of Calcification Microboring 
U Value 	Significance U Value 	Significance 
Mg 590 (n=39) 0.05 69.5 (n=13) n.s. 
Fe 54 (n=l I) n.s. 4.5 (n=3) n.s. 
Mn 255 (n=23) n.s. 31 (n=8) n.s. 
Cu 50 (n=10) n.s. 2 (n=2) n.s. 
Rb 212 (n-22) n.s. 23.5 (n=7) n.s. 
Sr 628.5 0=40) 0.05 72 (n=13) n.s. 
Ba 471.5 (n=40) 0.01 50.5 (n=13) 0.05 
Pb 161.5 (n=21) n.s. 15.5 (n=4) n.s. 
U 8.5 (n=5) n.s. I (n=2) n.s. 
Barium concentrations on microborings and centres of calcification were significantly higher 
(at the 0.05 and 0.01 levels respectively) than those on visibly unaffected areas. 
Concentrations of magnesium and strontium on centres of calcification were significantly 
higher from those on visibly unaffected areas (both at the 0.05 level). The differences in Mg, 
Sr and Ba concentrations between pairs of analyses are illustrated in Figure 6.2 a, b and c, 
respectively. Differences between unaltered areas and centres of calcification or 
microborings and between control pairs were calculated by the same method used to produce 
the figure of differences in electron probe analyses (Figure 6.1). 
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Figure 6.2. Differences in element concentrations between UA (visibly unaltered areas of the crystal trabecula) and MB or CC areas (centres of 
calcification or microborings), as determined by ion microprobe analysis. Positive values represent an increase in element concentration on the 
MB/CC area, negative values represent a decrease., Differences between control analyses (both analyses performed on UA areas) are all 
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Figure 6.2. (cont.) Differences in element concentrations between UA (visibly unaltered areas of the crystal trabecula) and MB or CC areas 
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Very few pairs of analyses were performed on microboring and unaltered areas for Fe, Cu, 
Pb and U. The ranges of concentrations of these elements during all analyses in the January 
1993 probe sessions are shown in Table 6.6. Most of the analyses of these elements were 
performed in this session. Although these analyseg were not performed adjacent to each 
other, a general comparison of the range of element concentrations observed on bored and 
unaffected areas can be made. 
Table 6.6. The ranges of Fe, Cu, Pb and U concentrations (Mmol mold Ca) observed on all MB 
(microboring) and UA (control) analyses in the January 1993 ion microprobe session. Average 
concentrations and number of analyses (n) are shown parenthetically. 
Element MB UA (control) 
Fe 31-312 33-58 
(66, n=20) (48, n=8) 
Cu 38-72 32-53 
(49, n=5) (43, n=8) 
Pb 0.0-2.3 0.0-3.1 
(0.8, n=4) (1.2, n=9) 
U 0.01 - 0.30 0.09 - 0.40 
(0.20, n=19) (0.20, n=58) 
The ranges of concentrations of Pb and U on microboring areas are within the ranges 
observed on unaltered crystal areas. The maximum Cu and Fe concentrations observed on 
the microboring analyses are much higher than those observed on the unaltered analyses. 
Ion microprobe stepscan analysis 
A diagrammatic repres.ntation of the transect analysed is shown in Figure 6.3a. Secondary 
ion counts for Ca, Ba and Mg are shown in Table 6.7 and are illustrated graphically in 
Figure 6.3b and c. Secondary ion counts have not been corrected to produce element 
concentrations. Element concentrations are produced by calculating ratios between element 
counts and calcium counts. Element/Ca ratios calculated from analyses performed on the 
epoxy resin would be very high due to the very low Ca counts produced during these 
analyses and would not accurately reflect the element concentration in the sample. 
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Table 6.7. Secondary ion counts for 26Mg, 'RCa and 13813a during ion microprobe line analysis. 
Analysis 26Mg 
Secondary Ion Counts 
'WCa 13813a 
59 361 0.05 
2 109 155 0.25 
3 318 455 0.80 
4 4285 57322 16.25 
5 1080 93211 2.15 
6 716 79966 1.50 
7 783 79793 2.65 
8 1304 77879 5.15 
9 1715 73141 2.85 
10 830 73226 2.10 
11 682 73600 1.95 
12 940 73287 2.45 
13 768 72983 2.40 
14 795 73659 2.05 
15 1910 64245 49.85 
16 971 8082 7.20 
17 184 223 0.90 
18 196 190 0.65 
The secondary ion counts more accurately reflect the change in barium and magnesium 
concentrations across the line analysis. It is not possible to check for surface contamination 
effects during a line analysis as each isotope is only counted for one cycle per analysis. 
However surface contamination did not appear to affect these isotopes during ion 
microprobe spot analyses. 
Ca counts, from analyses on coral material, show a decrease (of up to 20%) along the 
transect. This is probably due to a drift in the beam focusing as the sample is moved for each 
analysis and the consequent less efficient aberration of the sample. However the counts for 
26Mg and 138Ba show variations far in excess of this 20%. Both isotopes show large 
increases in concentration (approximately double) as the transect crosses the centre of 
calcification. 
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Figure 6.3. Ion microprobe line analysis across a coral thin section with a) a diagrammatic representation of the thin section with araldite, coral and 
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Both isotopes also show large increases as the transect crosses the external coral wall, from 
epoxy resin to aragonite or vice versa. Isotopic concentrations across the coral wall can be 
several orders of magnitude higher than the concentrations observed on analyses which are 
completely on the coral aragonite. 
6.3.3 Discussion 
I observed no significant differences in the Mn, Rb, Pb, U and S concentrations on centres 
of calcification and microborings compared to adjacent crystal areas of the skeleton. 
Significant variations in the geochemistry of Ba, Mg, Sr, Fe and Cu are discussed below. 
Barium 
Barium concentrations on some centres of calcification and microborings far exceed the 
concentrations observed on surrounding unaltered crystal areas of the coral trabecula. In one 
case the concentration of barium on a centre of calcification was more than lOOx the 
concentration observed on the adjacent crystal area i.e. approximately 350 ppm Ba. 
Throughout the four probe sessions 83 and 143 barium analyses were performed on 
microborings and centres of calcification respectively. 24 of the microboring analyses and 23 
of those on centres of calcification had barium concentrations in excess of the maximum 
concentrations observed on normal" unaltered areas of the trabecula. The cause of this 
elevated barium is not immediately clear. I shall discuss the alternative theories here. 
Some of the microborings examined in Chapter 2 contained linings of an amorphous or 
exceptionally fine-grained material. It is possible that this lining is organic material 
deposited by the boring organism. Organic materials containing proteins and/or chitin can 
have substantial metal binding capacities (Howard and Brown 1984) and this could account 
for the barium elevations observed on microborings. 
Alternatively the material may represent a precipitate deposited by the boring organism or 
inorganically precipitated from seawater. Variations in the geochemistry of a cement and the 
surrounding coral aragonite may represent changes in seawater chemistry between 
deposition of the two precipitates or differences in the distribution co-efficient in the 
different methods of precipitation. However some of the higher Ba/Ca ratios on 
microborings and centres of calcification far exceed the ratios of these elements usually 
observed in seawater. A calcium carbonate precipitate Ba/Ca concentration of 
270 Mmol mold Ca suggests a seawater Ba concentration of Ca. 2780 nmol kg- I (assuming a 
KD of 1 and a seawater Ca concentration of 10.3 mmol kg - 1 , Bruland 1983). This far exceeds 
the Ba concentrations observed at the approximate maximum depth of source waters (ca. 
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40 nmol kg-1 , Lea et al. 1989). It is very unlikely that a change in seawater chemistry of this 
magnitude would occur. It is also very unlikely that barium would be concentrated in a 
precipitate to such an extent. 
The geochemical difference may also represent a difference in mineralogy between the 
cement and the surrounding aragonite. For example ions with relatively small ionic radii 
preferentially substitute into calcite while larger ions preferentially substitute into aragonite. 
This is not a plausible explanation in this case as barium has a relatively large ionic radius 
and preferentially substitutes into aragonite (the coral material) compared to calcite. 
It is also possible that these areas of high Ba do not relate to the lining material observed in 
Chapter 2, but to other precipitates or inclusions in the skeleton. Bishop (1988) reported 
precipitation of barite (barium sulphate) in anoxic microenvironments containing decaying 
organic matter. It is possible that organic material decaying in microborings initiates the 
precipitation of barite in these areas. However I observed no evidence of barite crystals 
during examination of coral thin sections by SEM (scanning electron microscopy) and found 
no evidence of increased S concentrations on microboring areas. 
Finally, elevated Ba concentrations may relate to small particles of sediment carried into 
microboring holes, although it seems likely that these would be removed during cleaning and 
preparation of the sample. In addition I found no evidence of particulate inclusions in my 
examinations of the internal coral structure by SEM. Carr (1992) concluded the majority of 
barium in the surface sediments of the area is contained in alumino-silicate minerals and 
analysis of such particles would be accompanied by an increase in silicon and aluminium 
concentrations. At present it is impossible to verify this as silicon and aluminium analyses 
become contaminated during the preparation of the thin section. 
Some centres of calcification also contained elevated concentration of Ba. These areas 
represent more porous areas of the coral skeleton (Wainwright 1964, section 2.4.2 this 
thesis) than the adjacent crystal fibres and although they may be initially sealed inside the 
coral skeleton, the action of microborers may expose them to the inflow of seawater. These 
areas could then become contaminated through inclusion of detritus, through inorganic 
precipitation or through the complex of metals by the organic material (derived from the 
coral matrix) 
These observations of elevated concentrations of Ba on microborings and centres of 
calcification have substantial implications for palaeoenvironamtal analysis of coral 
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skeletons. It may prove difficult to remove this contamination with the cleaning procedures 
used before bulk methods of analysis. This is especially true for Porites corals which have a 
relatively fine grained crystal morphology. Shen and Boyle (1988) were unable to obtain a 
credible lead concentration value in Porites lobata even after adopting rigorous cleaning 
techniques. Although centres of calcification and microborings only occupy a small 
percentage volume of the coral skeleton (less than 10% and 3% respectively, section 2.3.2), 
elevated barium concentrations in these areas may contribute significantly to the overall 
geochemical signature when measured by bulk analysis. On average, unaltered areas, centres 
of calcification and microborings contained barium concentrations of 4.07, 13.79 and 
12.67 .imol mol' Ca respectively. A bulk sample comprising 90% unaltered material and 
10% centre of calcification or microboring associated material would have an average Ba 
concentration of ca. 4.9 imol mo1 1 Ca compared to a concentration of ca 4.0 imol mo1 1 Ca 
on unaltered material only. Elevated concentrations of Ba on microborings and centres of 
calcification may increase the overall geochemical signature of the skeleton by up to 20%. 
This could account entirely for the annual Ba range (4.2-5.2 imol mol - ' Ca) observed by 
Lea etal. (1989) in a Pavona clavus specimen from the Galapagos Islands. 
Magnesium 
Mg concentrations on centres of calcification are significantly higher than on unaltered 
crystal areas for both ion and electron microprobe analyses. A substantial percentage (Ca. 
25%) of skeletal Mg is believed to be associated with the organic matrix or with adsorption 
sites (Amiel et al. 1973a). It seems likely that the additional Mg observed along centres of 
calcification is incorporated by one or both of these methods. Bulk determinations of Mg 
may include some of this "contamination" and will not accurately reflect the Mg 
concentration of the mineral phase of the skeleton. 
Strontium 
Sr concentrations on microborings are significantly higher compared to concentrations on 
adjacent unaltered areas in the electron probe analyses. Some of the barite particles analysed 
by Bishop (1988) contained minor amounts of strontium and it is possible that the Sr 
increase in microborings is due to inclusion of barite crystals. However the range of Sr 
concentrations on microborings (8.61 - 9.31 mmol mold Ca) does not exceed that observed 
on unaltered areas (8.29 - 9.41 mmol mol' Ca) and it seems more likely that the significance 
is an error due to the small sample size (number of pairs = 8). No significant differences 
were observed between the strontium concentrations of microborings and centres of 
calcification analysed by ion microprobe. 
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Iron and Copper 
The ranges of concentrations of Fe and Cu on microborings exceed those observed on 
unaltered crystal areas. These analyses were not performed adjacent to each other and the 
sample sizes are very small. However it is possible that elevated concentrations of these 
elements occur along microborings when the elements form complexes with organic 
materials. 
In addition, it appears that both barium and magnesium are adsorbed onto the coral wall in 
greater concentrations than are present in the mineral phase of the skeleton. It is important 
that sample cleaning procedures remove this material so that it does not contaminate 
determinations of skeletal geochemistry. 
6.4 Seasonal variations in trace and minor element geochemistry determined by ion 
microprobe 
Seasonal variations in the minor and trace element composition of the Phuket coral skeletons 
were examined by ion microprobe. The high spatial resolution of the ion microprobe (30 pm 
beam diameter) allowed detailed seasonal profiles of element concentrations to be produced. 
Accurate positioning of the microprobe beam on thin sections ensures that only those 
elements intimately associated with the coral aragonite are analysed. Analyses are not 
contaminated by particulate materials trapped within skeletal pores or by metals adsorbed on 
to the coral wall. Previous work (section 6.2) has shown that centres of calcification and 
microborings in the skeleton can contain elevated concentrations of certain elements which 
do not accurately reflect the element concentration in the surrounding aragonite. Analysis of 
these areas can be avoided using the microprobe. 
6.4.1 Materials and methods 
Samples were prepared from corals PB9, AQ8, AQ2, KR4, KR6, KM  and KM2. All corals 
were collected from the Phuket area in July 1991 except for KM  and KM2 which were 
collected from the Similan Islands in January 1990. Corals were sectioned along the axis of 
maximum growth into 10-15 mm thick slices using a rock saw. A vertical cross-section, 
Ca. 4 mm thick, was cut through each slice along the maximum growth axis. Two cross-
sections were prepared from coral AQ8: one from the maximum growth axis (AQ8a) and 
another from a growth axis closer to the base of the coral (AQ8b) which had a reduced linear 
extension rate compared to the first. 
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Cross-sections were photographed under UV radiation to record the fluorescent banding 
patterns. Bright-dull fluorescent couplets in corals in this area represent approximately 
annual growth, with bright band accretion beginning in approximately November (Scoffin et 
at., 1992). Sections were then subdivided vertically into lengths, Ca. 15 mm, and made into 
thin sections (see section 5.2.1). All sections were polished with industrial diamond paste 
and were sputter coated with gold before analysis. 
The Cameca ims-4f ion probe has poor optical capability and thin sections can be visualised 
in reflected light only. Detailed photographs were produced of each thin section in 
transmitted light to record the placement of microborings and centres of calcification in the 
sample. These areas were avoided during analysis. 
Analyses were performed vertically (with time) across each thin section. Analyses were 
made approximately 500-1000 pm apart. Fluorescent band patterns were superimposed onto 
photographs of thin sections and were used to estimate the approximate deposition time of 
the carbonate sampled in each analysis. The relative position of each sample in the annual 
bright-dull fluorescent couplet was calculated by dividing the distance of each sample along 
the couplet by the width of the couplet. The corals collected in July 1991 were analysed over 
the three most recently deposited fluorescent couplets i.e. approximately November 1988 - 
July 1991. Analyses were concentrated in the outermost growth interval i.e. approximately 
November 1990- July 1991. The two corals collected from the Similan Islands in January 
1990 were analysed over the period approximately November 1985 - January 1990. The 
linear extension rate of each coral over the annual fluorescent couplets analysed, was 
measured. 
The ion microprobe was used to analyse the following isotopes: 26Mg, 44Ca, 54Fe, 55Mn, 
65Cu, 85Rb, 88Sr, 13813a, 208Pb and 238U. All calculated element concentrations are presented 
as ratios to Ca to eliminate effects of variations in beam focusing and beam current between 
analyses. Previous work (section 5.2.3) has shown that epoxy resin contamination of the 
analyses may significantly affect Fe, Mn and Pb determinations. Any analysis which showed 
a decrease in counts over the analytical period was eliminated from the data set. The 
remaining determinations of these elements are interpreted with caution. 
The reproducibility and suitability of the standards used to calibrate the ion probe is 
discussed in section 5.2.4. In summary, relative ion yields (RIY) for magnesium and 
manganese were calculated from a carbonate standard believed to be homogenous for these 
elements. RIYs were calculated at the beginning of each of the four probe sessions. There is 
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no reason to doubt the accuracy of the results of these elements. The RIY of strontium was 
calculated using the same carbonate standard which later proved to be heterogeneous for this 
element. RIYs were calculated at the beginning of each probe session. Due to the 
heterogeneity of the standard it is not possible to ensure the same calibration between probe 
sessions or to be certain of the accuracy of any of the calibrations. Correction factors were 
calculated (section 5.2.4) by comparing adjacent analyses performed in different probe 
sessions. Applying these correction factors should ensure that data from all probe sessions is 
comparable. However the absolute accuracy of the calibration is still in some doubt. The 
RIYs of the other elements were calculated using a silicate standard. Once again it is 
impossible to ensure an accurate calibration due to the possibility of different matrix effects 
between silicates and carbonates. RIYs from the silicate standard were calculated at the 
beginning of the first probe session (December 1991) and were used for all probe sessions. 
Comparing adjacent analyses from different probe sessions suggested that barium and 
rubidium values obtained in May 1992 were lower than expected. Correction factors were 
calculated for each element which could be applied to make the May 1992 data comparable 
to that from other sessions (section 5.2.4). 
6.4.2 Results 
The different linear extension rates of the corals are summarised in a diagram in Figure 6.4. 
Extension rates are only illustrated for the time intervals analysed. There is no difference 
between the extension rates in the outermost growth intervals of corals PB I and PB9 (10 mm 
each) but some small differences in the extension rates of the corals collected from 
Aquarium Reef. The extension rate in profile AQ8a is slower than that of profile AQ8b for 
the outermost growth interval (10 and 14 mm respectively) but faster for the fluorescent 
couplet deposited in approximately November 1988 - November 1989 (24 and 22 mm 
respectively). Coral AQ2 (9 mm) has a slightly slower extension rate than coral AQ8. Coral 
KR6 has a faster extension rate than coral KR4 in the outermost growth interval (15 and 
11 mm respectively) but a slower extension rate in the fluorescent couplet deposited in 
approximately November 1988 - November 1989 (21 and 23 mm respectively). Coral KM  
consistently has a much slower linear extension rate than coral KM2. 
Although considerable time was dedicated to positioning the primary beam on the sample, 
many of the analyses were subsequently excluded from the data set due to contaminated by 
microborings and centres of calcification. All uncontaminated analyses obtained over the 
four ion probe sessions are shown in Appendix L. All data which have been corrected for 
calibration differences between probe sessions are shown in the same appendix. 
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Figure 6.4. Diagrammatic representation of the widths of annual pairs of fluorescent couplets in all 
corals analysed by ion microprobe. Widths are only shown for the area of the coral analysed. 
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The ranges of concentrations of each element, observed over all four probe sessions, are 
shown in Table 6.8. In sessions where concentrations of some elements have been corrected, 
the corrected data only is considered. The approximate concentrations of these elements in 
ppm have been calculated to allow easier comparisons with data produced by previous 
authors which are frequently quoted in ppm. Concentrations in ppm have been calculated 
assuming an aragonite calcium concentration of 38%. In pure CaCO 3 , calcium comprises 
40.08% of the compound mass. Coral aragonite contains less calcium due to the inclusion of 
several contaminant ions, foremostly Na (Ca. 10000 ppm), Sr (Ca. 7000 ppm) and Mg 
(ca. 1000 ppm) and due to the inclusion of an organic matrix. The ranges of Mg, Rb, Sr, Ba 
and U for individual corals are presented in Table 6.9 and are illustrated graphically in 
Figure 6.5. 
Table 6.8. The observed ranges of trace and minor element concentrations determined by ion 
microprobe analysis (mmol mo! 1 Ca for Sr and Mg; jimol mol 1 Ca for all other elements). Average 
analytical errors and the approximate concentrations of each element in ppm (assuming Ca = 38 wt%) 
are also shown. 






Mg 3.06 - 6.53 5 693 - 1479 
Fe 33-58 10 17-30 
Mn 0.30-2.13 12 0.15-1.09 
Cu 32-72 11 19-43 
Rb 0.06 - 0.81 13 0.05 - 0.64 
Sr 7.42-9.18 1 6055-7492 
Ba 1.02- 11.47 5 1.3- 14.7 
Pb 0.0-6.7 51 0.0- 12.9 
U 0.00 - 0.40 4 0.0 - 0.89 
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Table 6.9. Ranges of Mg, Rb, Sr, Ba and U concentrations for individual corals, determined by ion 
microprobe analysis. 
Coral 
Range of Concentrations 
Mg Rb Sr Ba U 
mmolmol 1 Ca jimolmol 	Ca mmolmol 1 Ca pmolmol 	Ca j.tmolmol 	Ca 
AQ8a 3.58-5.23 0.18-0.30 8.08-8.65 1.51-3.16 - 
AQ8b 3.45-5.07 0.06-0.62 8.13-9.07 1.87-4.27 0.00-0.40 
AQ2 3.25 - 4.86 0.16-0.25 8.18-8.68 3.14-8.61 - 
PBI 4.77 - 6.20 0.20-0.35 7.95 - 8.21 3.65 - 6.31 - 
PB9 3.95-6.03 - 8.29 - 8.54 1.02 - 2.68 0.12 - 0.23 
KR4 3.25-5.15 - 8.02-8.71 2.45-7.72 - 
KR6 4.31-6.32 0.20-0.81 7.42-8.51 2.40-7.16 0.11-0.38 
KM1 3.06-5.44 0.17 - 0.74 8.32 - 9.18 3.15 - 11.47 0.09 - 0.28 
KM2 4.23-6.53 0.15-0.74 7.69-8.73 1.26-3.87 - 
Seasonal variations of trace and minor element concentrations in each coral are also 
illustrated graphically. Element concentrations are plotted against the relative position of 
each analysis in the coral i.e. the approximate deposition date. Different symbols are used to 
represent data collected in the different probe sessions. Element concentrations in the corals 
collected in July 1991 and those collected in January 1990 are usually shown in different 
figures as analyses in the two sets of corals correspond to quite different carbonate 
deposition dates. 
The results for each element are summarised on pages 136-138. Figures depicting seasonal 
variations are shown on pages 139-147. 
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Magnesium 
Mg chronologies in the corals collected in July 1991 and those collected in January 1990 are 
shown in Figures 6.6 and 6.7 respectively. Concentrations ranged from 
3.06-6.53 mmol mol 1  Ca (approximately 693-1473 ppm). No trend was observed in 
seasonal variations and for most corals the data points appear randomly scattered across the 
graph. However the variations in concentration between points far exceed the ±5% analytical 
error and should reflect real variations in Mg concentration. 
Individual corals appear to deposit similar ranges of Mg concentration but maxima and 
minima of these ranges differ. The Porites Bay corals contained slightly higher 
concentrations of Mg than the AQ corals (3.95-6.20 mmol mold Ca compared to 3.25-
5.23 mmol mol' Ca). Substantial differences in ranges were observed between different 
colonies from the same sites at Ko Racha and Similan Islands. KR6 (4.3 1- 
6.32 mmol mold Ca) and KM2 (4.23-6.53 mmol mol 1 Ca) contained higher concentrations 
of Mg than KR4 (3.25-5.15 mmol mo1 1 Ca) and KM  (3.06-5.44 mmol mold Ca), 
respectively. Different time ranges were examined between some corals, however there is no 
suggestion that Mg has any seasonal variation or that there is any Mg difference between 
different years. 
Rubidium 
Rubidium chronologies in the corals collected in July 1991 and those collected in January 
1990 are shown in Figures 6.8 and 6.9 respectively. Relatively few rubidium analyses were 
performed so it is not possible to make anything but tentative suggestions regarding this 
data. Concentrations ranged from 0.06-0.81 l.tmolmol' Ca (approximately 0.05-0.64 ppm). 
Variations in concentration between points often exceed the ±13% analytical error. There is 
no evidence of seasonal variations in concentration. Rb concentrations in corals KR6 (0.20-
0.81 .tmol mol 1 Ca), KM  (0.17-0.74 imo1 mol 1 Ca) and KM2 (0.15-0.74 llmoI mol 1 Ca) 
are higher than those observed in the corals from Porites Bay (0.20-0.35 imol mol 1 Ca) and 
Aquarium Reef (0.06-0.62 llmol mol 1  Ca), however it is not possible to be sure that this is a 
true variation and not an artefact of the larger sample sizes analysed in the former corals. 
Strontium 
Strontium chronologies in the corals collected in July 1991 and those collected in January 
1990 are shown in Figures 6.10 and 6.11 respectively. Concentrations range from 7.42 to 
9.18 mmol mold Ca (approximately 6055-7492 ppm). There is no compelling evidence of 
seasonal variations in strontium concentration in these data. There does appear to be an 
increase in strontium concentration in the first half of the fluorescent couplet deposited 
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beginning in November 1989 in coral AQ8b compared to analyses made in the couplets on 
either side. However these data were collected in a different probe session and it is not 
possible to be sure that the difference is not due to a difference in calibration between the 
two sessions. 
In general, data points show random scatter across the graph. The maximum range of 
concentrations observed in a single probe session is 7.42-9.00 mmol mol -1 Ca 
(approximately 6055-7345 ppm). These variations far exceed the ±1% analytical error and 
reflect significantly different strontium concentrations. 
There is little difference in the strontium ranges or concentrations between corals from 
Porites Bay and Aquarium Reef. Coral PB 1 has relatively low Sr concentration (7.95- 
8.21 mmol mol 1  Ca) but relatively few analyses were performed for this coral. Substantial 
differences in ranges were observed between different colonies from the same sites at Ko 
Racha and Similan Islands. KR6 (7.42-8.51 mmol mo1 1 Ca) and KM2 (7.69- 
8.73 mmol mold Ca) contained lower concentrations of Sr than KR4 (8.02- 
9.18 mmol mo1 1 Ca) and KM1.(8.32-9.18 mmol mol 1 Ca), respectively. 
Barium 
Barium chronologies in the corals collected in July 1991 and those collected in January 1990 
are shown in Figures 6.12 and 6.13 respectively. Concentrations ranged from 
1.02-11.47 jimol mo1 1  Ca (approximately 1.3-14.7 ppm) and variations in concentration far 
exceed the ±5%  analytical error. 
There is no evidence of a seasonal trend in Ba concentration in any of the corals. However 
almost all the corals collected in July 1991 exhibit an increase in Ba concentration in the 
outermost growth interval i.e. from approximately November 1990 to the outermost 
carbonate (July 1991). This increase in Ba in the outermost carbonate is not observed in the 
two corals collected from Similan Islands in January 1990. 
There are substantial differences in Ba ranges and concentrations between corals from the 
same and different sites. Coral AQ2 (3.14-8.61 jimol molt Ca) deposits a much higher and 
wider range of concentrations than observed in coral AQ8a (1.51-3.16 llmol mo1 1 Ca) or 
AQ8b (1.87-4.27 jimol mol 1  Ca). Corals PBI (3.65-6.31 jimol molt Ca) and KM  (3.15-
11.47 jimol mold Ca) deposit higher and wider ranges of concentrations than PB9 (1.02-
2.68 pmol mo1 1 Ca) and KM2 (1.26-3.87 pmol mold Ca) respectively. There is little 
difference in the Ba concentrations in corals KR4 (2.45-7.72 jimol mo1 1 Ca) and KR6 
137 
(2.40-7.16 imol mold Ca). 
Uranium 
U chronologies in the corals collected in July 1991 and those collected in January 1990 are 
shown in Figure 6.14. Concentrations ranged from 0.00-0.40 imol mo1 1 Ca (approximately 
0.0-0.89 ppm) and variations in concentration far exceed the ±4% analytical error. There is 
no suggestion of seasonal variations in U concentration or of differences in concentrations 
between corals. 
Iron, manganese, copper and lead 
For the remaining elements, Fe, Mn, Cu and Pb, relatively few analyses were available. This 
is due to few analyses being performed or due to analyses being discarded because of epoxy 
resin contamination. Insufficient results were obtained for these elements to allow any 
seasonal variations or differences between coral colonies to be observed. Results for these 
elements are not presented graphically and only the ranges of concentrations observed (Table 



































Figure 6.6. Magnesium chronologies in corals from Porites Bay (PB), Aquarium Reef (AQ) and Ko 
Racha (KR). Concentrations determined by ion microprobe analysis. 
Probe Session: A Dec 1991 	n March 1992 	0 May 1992 	• January 1993 
Analytical error = +1- 5% 
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Figure 6.7. Magnesium chronologies in two corals from the Similan Islands. Concentrations determined by ion microprobe analysis. 
Probe Session: ei March 1992 • May 1992 • January 1993 
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Figure 6.8. Rubidium chronologies in corals from Porites Bay (PB), Aquarium Reef (AQ) and Ko 
Racha (KR). Concentrations determined by ion microprobe analysis. 
Probe Session: A Dec 1991 	n March 1992 	0 May 1992 	• January 1993 
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Figure 6.9. Rubidium chronologies in two corals from the Similan Islands. Concentrations determined by ion microprobe analysis. 
Probe Session: 11  March 1992 • May 1992 • January 1993 
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Figure 6.10. Strontium chronologies in corals from Porites Bay (PB), Aquarium Reef (AQ) and Ko 
Racha (KR). Concentrations determined by ion microprobe analysis. 
Probe Session: A Dec 1991 	o March 1992 	• May 1992 	• January 1993 
Analytical error = +/- I % 
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Figure 6.11. Strontium chronologies in two corals from the Similan Islands. Concentrations determined by ion microprobe analysis. 
Probe Session: 0 March 1992 • May 1992 • January 1993 
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Figure 6.12. Barium chronologies in corals from Porites Bay (PB), Aquarium Reef(AQ) and Ko 
Racha (KR). Concentrations determined by ion microprobe analysis. 
Probe Session: * Dec 1991 	o March 1992 	• May 1992 	• January 1993 
Average analytical error = +1- 5% 
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Figure 6.13. Barium chronologies in two corals from the Similan Islands. Concentrations determined by ion microprobe analysis. 
Probe Session: ° March 1992 0 May 1992 • January 1993 
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Figure 6.14. Uranium chronologies in corals from Porites Bay (PB), Aquarium Reef(AQ), Ko Racha 
(KR) and the Similan Islands (KM). Concentrations determined by ion microprobe analysis. 
Probe Session: 	• January 1993 
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6.3.3 Discussion 
Results will be discussed under separate headings considering: a comparison between trace 
element concentrations determined here and values previously reported in the literature, 
seasonal variations in trace element concentrations, differences in concentrations between 
corals and the increase in Ba concentration observed in the outermost growth interval of the 
corals collected in July 1991. 
Accuracy of Element Determinations 
The element concentrations determined in this chapter and those previously reported in the 
literature are summarised in Table 6.10. All concentrations are quoted as ppm. Ion 
microprobe results and other concentrations reported as ratios to Ca have been transformed 
into ppm assuming a Ca concentration of 38% by weight. 
Table 6.10. Ranges of element concentrations (ppm) observed in this study and previous 
determinations reported in the literature. All concentrations have been corrected to ppm, assuming a 
Ca concentration of 38% by weight, if necessary. 
Element Concentration ranges 
observed in this study 
Concentration ranges 
reported in the literature 
Mg 693-1479 1000-2100 
Fe 17-30 2-73 
Mn 0.15 - 1.09 0.023 - 1.03 
Cu 19-43 0.037-12 
Rb 0.05 - 0.64 0.87 
Sr 6055-7492 6000-8000 
Ba 1.3-14.7 3-15 
Pb 0.0-12.9 0.006 - 0.025 
U 0.0 - 0.89 1.5 - 3.0 
Element concentrations for Mg, Fe, Mn, Rb, Sr and Ba are in reasonable agreement with 
values previously reported in the literature. The Mg concentrations determined here cover a 
slightly lower range than has previously been reported. Amiel etal. (1973a) concluded that 
Ca. 20% of skeletal Mg occurs in adsorbed sites. Precise positioning of the ion microprobe 
beam ensures that only elements substituted into the aragonite lattice or bound by the organic 
material intimately associated with it are analysed. As the ion microprobe does not analyse 
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the Mg component in adsorbed sites, it should produce slightly lower Mg concentrations 
than have previously been observed. 
The uranium values I obtained are slightly lower than those previously reported. Previous 
studies of skeletal uranium concentrations have utilised bulk methods of analysis or fission 
tracking (Swart and Hubbard 1982). The former methods would have analysed whole pieces 
of skeleton, including ions adsorbed onto the coral wall, and may not have accurately 
reflected the uranium concentration of the aragonite. However the latter method is applied to 
thin sections and would not have included adsorbed material. The depressed uranium 
concentrations observed in the corals in this study may relate to lower uranium seawater 
concentrations in this area or may reflect a higher ability to exclude contaminant ions in 
these corals. Alternatively the depression in values may represent a mis-calibration of the ion 
probe. It is possible that relative ion yields differ between the silicate standard (used to 
calibrate the probe) and the aragonite sample due to matrix differences between the two 
minerals. 
The determinations of Cu and Pb concentrations in this study exceed the previously reported 
values. Pb has a particularly low relative ion yield and generates very few counts per 
analysis. The analytical error is high, up to 100% and determined concentrations are not 
accurate. The high Pb values observed in this study may also reflect contamination of the 
sample during preparation. The epoxy resin used to fix the thin sections contained a 
relatively high concentration of Pb and may have become smeared across the aragonite in the 
section during polishing. In general surface contamination results in a noticeable decrease in 
isotope counts over a ten cycle analysis, however the isotope counts for Pb were so low that 
such decreases were frequently not obvious. Alternatively the high Pb values observed here 
may reflect a mis-calibration of the ion microprobe. 
Cu has a reasonable ion yield, was present in the sample in relatively large concentrations 
and has a relatively low analytical error (11%). Most previous estimates of concentration 
have analysed relatively untreated samples and have probably included ions occurring in 
adsorbed sites. These would have been avoided during ion probe analysis and I expected the 
concentrations determined here to be lower than previous estimates. I expected 
concentrations to be more comparable to those obtained by Linn et al. (1990) who adopted 
rigorous cleaning procedures to analyse only the mineral component of the skeleton. Their 
values (Ca. 0.037 ppm) are a thousand fold lower than the concentrations reported here (19-
43 ppm). It is possible that local seawater at Phuket is relatively enriched in Cu due to the tin 
mining and dredging activities which take place on and around the island. However Howard 
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and Brown (1987) reported Cu concentrations of 10.5-11.6 ppm in corals from the Phuket 
area examined by a bulk method of analysis. It therefore seems likely that the concentrations 
observed here are over estimates of the true skeletal content. This may be caused by 
incorrect calibration of the ion probe or may represent a molecular interference which was 
not identified during development of the technique. Copper has two isotopes, 63Cu and 65Cu. 
The first isotope has a definite interference (23Na40Ca, see section 5.2.3) so it was not 
possible to check that counts from both isotopes occurred in their relative isotopic 
proportions. It is possible that one of the molecular species which interferes with 65Cu 
(24Mg25MgO, 40Ca25Mg) causes a significant increase in the isotope counts. 
Seasonal variations in trace and minor element concentration 
Significant variations in element concentration were observed for all the elements studied i.e. 
Mg, Rb, Sr, Ba and U. None of these elements exhibited a definite seasonal pattern, rather a 
random scattering of points across the graph. Large variations in element concentration, 
which approach the total range of values observed, are frequently observed over relatively 
small distances corresponding to less than one month's growth. This small scale geochemical 
heterogeneity has not been recorded previously. 
Although rainfall, sunshine, ocean currents and offshore upwelling can have significant 
effects on seawater chemistry and/or temperature, there is no evidence of these seasonal 
variations in the skeletal geochemistry. There is no evidence of annual seawater temperature 
(3-4°C) recorded in the skeletal strontium concentration. According to Beck et al. (1992) this 
temperature variation would correlate with an annual skeletal strontium range of 186- 
248 ppm (Ca. 0.2-0.3 mmol molt Ca). Smith and Cuff (pers. comm. in Muir 1984) suggested 
that the strontium palaeothermometer may work best under conditions of few external 
influences i.e. well flushed locations, free from terrestrial and human inputs. The reef sites 
around the Phuket peninsula are subject to high freshwater runoff and increased water 
turbidity but the site in the Similan Islands is relatively pristine and free from such external 
influences. Sr concentrations in this study vary by as much as 0.6 mmol mold Ca 
(approximately 480 ppm) over relatively small skeletal distances corresponding to less than 
one month's growth. These large variations are observed in corals from all sites and all 
environments. It appears that this small scale geochemical heterogeneity effectively swamps 
any Sr-temperature signal which may be present in the coral. 
The possible explanations for this heterogeneity are discussed below: 
It is possible that some short time-scale variations in seawater chemistry and temperature 
occur. It is unlikely that the seawater chemistry or temperature of the general water body will 
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significantly alter over short periods but it is possible that warming and evaporation of the 
shallow water over the reef flat may lead to some small variations in very local water 
chemistry and temperature on a daily or weekly basis. Scoffin (pers. comm. 1994) observed 
a daily temperature range of as much as 10°C in intertidal pools on a reef flat on the south-
east peninsula of Phuket. However no change in salinity was recorded along the reef front at 
Porites Bay throughout the day and it seems unlikely that any significant variations in 
seawater composition occurred. In addition daily variations in seawater chemistry or 
temperature, reflected in the skeleton, would have been included in the estimates of 
analytical error, obtained by comparing adjacent pairs of probe analyses (section 5.2.5). One 
ion probe analysis (beam diameter 25iim) samples approximately half of one days skeletal 
growth. So pairs performed less than 50im apart will sample carbonate areas deposited over 
a 1-3 days period. 
The incorporation of some elements in the aragonite may be affected by calcification rate. 
Barnes (1970) reported daily variations in calcification rate and Goreau (1959) recorded 
decreases in skeletogenesis relating to limited light availability. Amiel et al. (1973a) 
observed a decrease in Mg concentration from the exterior skeletal parts (the exterior septae) 
of a Montastrea specimen to the interior parts (the interior septae or walls) which may reflect 
changes in calcification rate across the coral polyp. It is likely that any geochemical 
heterogeneity relating to day and night deposition would have been included in the estimates 
of analytical error. It is possible that weekly or monthly variations in calcification rate 
account for some geochemical heterogeneity but annual growth variations would produce 
trends in geochemical composition which are not apparent in this study. 
The geochemical heterogeneity may even relate to variations in zooxanthellae concentration 
and their abilities to concentrate metals in their tissues. Buddemeier etal. (1981) reported 
higher Ba concentrations in zooxanthellae than surrounding host coral tissues. Land et al. 
(1975) reported a gradient in zooxanthellae concentration across coral polyps of Eusmi!ia 
fastigiata. The small scale geochemical variations observed here may reflect daily or weekly 
variations in algal health or efficiency. 
Barnes and Lough (1993) suggested that while calcification is concentrated at the surface of 
the coral colony, thickening of the skeletal elements occurs throughout the tissue layer, 
which occupies skeleton deposited over a period of 4-13 months. They concluded that 
thickening may account for up to half of the total material deposited. Material deposited in 
this fashion may have a substantially different geochemical signature to the originally 
deposited material either because of changes in seawater chemistry or temperature between 
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the two deposition dates or due to the reduction in calcification rate. However skeletal 
thickening will result in very small scale heterogeneity which will have been recorded during 
the analysis of sample pairs assessing reproducibility and will have been included in 
estimates of analytical error. 
Alternatively some geochemical heterogeneity may relate to the metal binding capacity of 
the organic matrix disseminated throughout the coral skeleton. Amiel et al. (1973a) 
suggested that up to 7% of skeletal Sr and several percent of Mg occurs in the organic 
matrix. Therefore in an analysis containing 7000 ppm Sr, 6510 ppm might be substituted in 
the aragonite lattice while the remaining 490 ppm is associated with organic material. 
Different analyses which sample areas containing varying proportions of the organic matrix 
may exhibit substantial geochemical heterogeneity. Mitterer (1978) suggests that the organic 
matrix itself is heterogeneous, containing areas of varying metal binding capacity. 
Differences in element concentration between coral colonies 
Individual corals show substantially different ranges of Mg and Ba concentrations within and 
between sites. Variations within each site are as large as those observed between sites so it 
seems unlikely that these differences are due to variations in seawater chemistry or 
temperature. Swart (1981b) observed no significant differences in skeletal Mg 
concentrations of corals exposed to different seawater concentrations of Mg/Ca. 
It is possible that geochemical differences reflect variations in calcification rate between 
colonies. Corals KM  and KR4 have slower linear extension rates than corals KM2 and KR6 
and deposit lower Mg concentrations. However there is no evidence of variations in Mg 
concentration between annual fluorescent couplets from the same coral although linear 
extension rate often varies widely between couplets. There is little intra-site variation in 
growth rate between corals from PB or from AQ. Corals at PB deposit higher Mg 
concentrations than corals at AQ although there is little variation in calcification rates 
between the two sites. Although Mg concentration may reflect variations in calcification rate 
between colonies from the same site the relationship is not apparent between sites. 
Variations between sites, or even within a site, may reflect genetic differences in the coral 
populations adapted to each site. 
There is no clear relationship between calcification rate and skeletal Ba concentration either 
within or between sites. Concentration variations may reflect genetic variations between 
colonies and different abilities to exclude or incorporate contaminant ions. 
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Alternatively geochemical differences may reflect variations in concentrations of 
zooxanthellae between colonies or differences in the quantity and composition of organic 
material produced by each coral and incorporated in the coral skeleton. 
Higher rubidium concentrations are observed in all the offshore corals analysed (Ko Racha 
and Similan Islands) compared to the corals sampled from around the Phuket peninsula. It is 
impossible to be sure that this is a true result due to the small number of analyses; however it 
is possible that the offshore corals are subjected to increased concentrations of rubidium. The 
Rb may be in a soluble form or may be ingested in a particulate from. Carr (1992) reported 
increased Rb concentrations in the surface sediments around Ko Racha. 
Increase in Ba concentration in the outermost coral part 
Almost all the corals collected in July 1991 exhibit an increase in Ba concentration in the 
outermost growth interval i.e. from approximately November 1990 to the outermost 
carbonate (July 1991). This increase in Ba in the outermost carbonate is not observed in the 
outermost growth interval of the two corals collected from Similan Islands in January 1990. 
This increase may reflect some abnormal event or change in local environmental conditions 
during the period November 1990 - July 1991. In particular the increase may relate to the 
abnormal increase in seawater temperature leading up to the bleaching event. While Lea et 
al. (1989) have suggested that the distribution coefficient of Ba may show some temperature 
dependence, they imply that an increase in seawater temperature would reduce skeletal 
incorporation of Ba. There is also no evidence that the bleaching event caused a significant 
reduction in skeletogenesis in any coral visibly unaffected by the event i.e. unbleached, 
which may have affected Ba incorporation. Alternatively, if concentrations of Ba in coral 
tissues are regulated by the zooxanthellae, then a reduction in algal numbers over the 
bleaching event may correspond with an increase in skeletal Ba. 
Increases in seawater Ba concentrations have been related to oceanic upwelling and to 
freshwater runoff. Although some upwelling may occur off the west coast of Thailand, there 
is circumstantial evidence that upwelling during October - November 1990 was particularly 
weak (Thomas Kiorbe pers. comm. 1991) and any Ba input by this method would have been 
reduced from inputs observed in previous years. There is also no evidence that local rainfall 
(which might increase freshwater runoff) was increased during this period compared to 
previous years. 
Alternatively the increase in Ba concentration in the outer part of the skeleton may reflect 
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some incorporation of Ba in an organic phase. Higher concentrations of Ba are not observed 
further back in the skeleton as the organic phase has decayed and the Ba has been leached 
out. Sandy Tudhope (pers. comm. 1993) has observed a similar increase in the Ba 
concentration in the outermost growth intervals of corals from Papua New Guinea. However 
there is no explanation why higher Ba concentrations are not then observed in the outermost 
growth intervals of the coral collected from the Similan Islands. 
6.5 Seasonal variations in strontium determined by XRF 
Skeletal strontium concentrations were examined by XRF (X-ray fluorescence). This method 
uses relatively large (0.1 g) samples of coral which are not treated to remove adsorbed or 
particulate materials. However the reproducibility of strontium determinations (±0.5%) are 
higher than for either the ion or electron microprobe methods (±1% and ±2% respectively) 
6.5.1 Sample preparation 
Seasonal strontium variations were determined in corals PB8 and PB9, both from Porites 
Bay. Both specimens were collected during the bleaching event at Phuket in July 1991. PB8 
was bleached i.e. contained no visible zooxanthellae while coral PB9 appeared unaffected. A 
thin strip of skeletal material, approximately 10 x 4 mm, was cut along the axis of maximum 
growth of each coral, running from the start of the bright band deposited in about November 
1988 to the outermost part of the coral skeleton (July 1991). The strip was subdivided using 
a fine scalpel blade into samples of measured length. Between 4 and 6 samples were 
produced from each annual fluorescent couplet. Samples were ultrasonically cleaned and 
dried at 100°C. Fluorescent band patterns were used to estimate the approximate deposition 
time of the carbonate sampled in each analysis. The relative position of each sample in the 
annual band was calculated by dividing the distance of the middle of each sample along the 
band, by the width of the band. Samples were made into pressed powder discs and analysed 
as described in Section 5.4. 
6.5.2 Results 
Strontium concentrations are shown in Appendix M and seasonal variations are illustrated in 
Figure 6.15. Strontium concentrations varied from 7107-7257 ppm and from 6998-7431 ppm 
in corals P138 and PB9 respectively. Assuming a skeletal Ca concentration of 38%, these 
values correspond to Sr concentrations of 8.70-8.89 mmol mol 1 Ca and 8.57- 
9.10 mmol mold Ca respectively. Significant variations in strontium concentration occur 
between samples but there is no evidence of any seasonal variation. 
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Figure 6.15. Strontium chronologies in two corals from Porites Bay, determined by XRF analysis. 
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6.5.3 Discussion 
These values are in good agreement with ion microprobe analyses of 7.42- 
9.18 mmol mol 1  Ca. There is no evidence of the variation expected from the Sr 
palaeothermometer. The annual seawater temperature range (3-4°C) corresponds to a 
strontium range of about 180-250 ppm (Smith etal. 1979, Beck etal. 1992). 
There was no evidence of any seasonality in strontium profiles analysed by ion microprobe. 
Instead large variations in strontium concentration (approximately 480 ppm) were observed 
over relatively small skeletal distances corresponding to less than one months growth. It 
appears that this small scale geochemical heterogeneity effectively swamps any Sr-
temperature signal which may be present in the coral. 
6.6 The relationship between skeletal strontium and calcification rate 
There is no agreement on the relationship between calcification rate and the incorporation of 
strontium in coral skeletons. Houck et al. (1977), Smith etal. (1979) and Swart (1979b) 
observed no changes in skeletal Sr when they induced changes in coral growth rate by 
altering insolation, salinity, water motion and seawater chemistry. However, De Villiers et 
al. (1993) observed significant differences in the skeletal Sr content of two profiles from the 
same coral head, with higher Sr values associated with slower extension rates. The 
relationship between calcification rate and skeletal strontium concentration was examined in 
four corals from Porites Bay. 
6.6.1 Materials and methods 
Three rectangular blocks of coral were removed from the maximum growth axis of each 
specimen, from the start of the last bright fluorescent band (approximately November 1990, 
Scoffin et al. 1992) to the outermost part of the coral skeleton (July 1991). Although this 
growth increment may not exactly correspond to the nine month period described, the same 
time interval is sampled from each coral, allowing between coral comparisons to be made. 
Dimensions of the blocks were approximately 10 mm x 5 mm x band width. Blocks were 
ultrasonically cleaned for 20 minutes and dried in an oven at 100°C. The linear extension, 
skeletal bulk density and calcification rate of each block were calculated using the method 
described in Section 3.3. The strontium concentration of each block was determined by the 
XRF method described in Section 5.4. Two samples, PB3-1 and PB3-3, were sufficiently 
large to enable replicate XRF samples to be made. 
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6.6.2 Results 
Strontium concentrations and growth characteristics are summarised in Table 6.11 and 
illustrated in Figure 6.16. Significant differences in Sr composition occur between samples 
from the same colony and from different colonies. There is no clear relationship between 
calcification rate and Sr concentration (regression coefficient, r = 0.27). If coral P133 is 
eliminated from the regression then a positive relationship between calcification rate and 
strontium concentration is apparent (y = 6936 + 22x, r = 0.72). This relationship is not 
observed between multiple samples from the same coral colony. 
Table 6.11. Strontium concentration and growth characteristics of the outermost growth interval 
(approximately November 1990 - July 1991) in coral heads from Porites Bay. Precision of replicate 
analyses is shown parenthetically. 
Sample Sr (ppm) Extension 
(mm) 
PB3 	1 7159 	(±7) 18 
3 7100 19 
5 7023 	(±34) 19 
PB9 	1 7192 9 
2 7102 10 
3 7217 11 
PB4 	2 7032 4 
3 7104 5 
4 6957 6 
PB8 	1 7053 4 
2 sample 	lost 5 
3 7053 6 
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Figure 6.16. Strontium concentration versus linear extension rate in four corals from Porites Bay. 
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6.6.3 Discussion 
There is some suggestion that calcification rate may affect skeletal strontium concentration. 
However this relationship is not observed in multiple samples from the same colony. It is 
possible that the Sr differences between colonies reflect genetic variations which affect the 
incorporation of some elements. Further analyses are necessary to allow any definite 
conclusion to be made. 
6.7 Summaty 
Microborings and centres of calcification (visible in coral thin sections viewed in 
transmitted light) frequently contain higher concentrations of Ba than the surrounding 
unaltered crystal areas. Some centres of calcification also have increased concentrations of 
Mg. These anomalies may reflect the presence of biogenic or abiogenic precipitates, 
sedimentary particles or more likely, organic materials which act as effective metal ligands. 
Higher concentrations of Mg and Ba are also observed on the corals walls. These probably 
reflect adsorption of these metals from seawater. 
The coral skeletons examined here are heterogeneous with respect to Mg, Rb, Sr, Ba and 
U on a very small scale, even after discounting analyses on microborings and centres of 
calcification. The whole concentration range of an element is frequently observed over 
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relatively short skeletal distances corresponding to less than one months growth. This may 
reflect variations in seawater chemistry, coral calcification rate, zooxanthellae activity or 
continued calcification throughout the tissue layer. However it seems most likely that 
geochemical differences are caused by variations in the quantity or composition of the 
organic material in the skeleton. An increase in Ba towards the outer parts of all corals 
collected in July 1991 may reflect an increase in organic material. 
Individual colonies have substantially different ranges of Mg and Ba both within and 
between sites. This may reflect variations in growth rate (Mg only), in relative 
concentrations of zooxanthellae or in the quantity and composition of organic material 
produced by each colony. 
No evidence of the Sr variation expected from the Sr palaeothermometer (Beck et al. 
1992) was found in corals analysed by ion microprobe or XRF. The small scale geochemical 
heterogeneity of the corals far exceeded the range expected from temperature data and 
effectively swamped any temperature trend. 
There is some evidence of a relationship between growth rate and Sr incorporation in the 
XRF data between coral colonies. No such relationship is observed in the ion microprobe 
data. However the relationship is not observed in multiple samples from the same colony. It 
is possible that the Sr differences between colonies reflect genetic variations which affect the 
incorporation of some elements. 
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Chapter Seven. Conclusions 
7.1 The environmental geochemistry of Porites lutea coral skeletons from Phuket.. South 
Thailand 
The present study seeks to understand the relationship between local environmental 
conditions at the time of deposition and the structure and composition of Porites lutea coral 
skeletons from Phuket, South Thailand. Only limited environmental data were available for 
the field area so skeletal characteristics were compared between different reef sites, 
representing different local environments. A variety of sites were sampled, ranging from 
inshore, muddy, polluted reefs to offshore, apparently pristine environments. Study of the 
coral skeletons involved determination of stable oxygen and carbon isotopic composition and 
analysis of trace and minor element compositions. Elements studied include Mg, Ca, Fe, Mn, 
Cu, Rb, Sr, Ba, Pb and U. 
No consistent variations in skeletal geochemistry are observed between corals from different 
sites. Intra-site variations equal those between sites. Considerable variations are observed in 
the skeletal geochemistry and growth rate of corals from the same reef location and water 
depth. Some variations in geochemistry can be attributed to the relative activity of the algal 
symbionts (e.g. 5 13C). Others may be influenced by skeletal growth rate (e.g. Mg and 8 180) 
or the quantity and/or composition of organic material produced by each coral colony. There 
is some evidence from XRF analysis of an inter-colony relationship between growth rate and 
Sr incorporation. However this relationship is not observed in multiple samples from the 
same colony. 
One possible explanation for these geochemical differences is genetic variation between 
coral colonies. All corals exhibit skeletal morphological characteristics unique to the species 
Porites lutea. However considerable variations in corallite morphology are observed between 
corals. Similar variations are also observed between parts of the same colony and this is 
related to skeletal growth rate. It is impossible to be certain if the morphological differences 
between colonies reflect variations in growth rate or some genetic variance. 
There is a strong inverse relationship between skeletal growth rate and 8 180 in the corals. 
Seasonal variations in 5 180 do not correlate with the trends expected from seawater 
temperature data. Salinity data indicate little dilution of the seawater by freshwater runoff 
suggesting that seasonal variations in water 8 180 are insignificant. It seems more likely that 
growth rate is the major control on seasonal 8 180 trends in this area. I found no evidence of 
any seasonal variation in skeletal growth rate in the corals investigated here. However 
variations have previously been identified and typical seasonal variations may have been 
masked in my samples by the effects of the bleaching event in progress at the time of 
collection. Seasonal and longer term variations in growth rate must be considered when 
interpretingpalaeoenvironmental records from stable oxygen isotopic chemistry of coral 
skeletons. 
5 13C and coral tissue chlorophyll a content are positively related in the corals in their normal 
unbleached state. In these corals, algal modification of the DIC pool is presumed to be the 
main control on skeletal 8 13C. Seasonal variations in 8 3C may reflect changes in the 
photosynthetic activity of the zooxanthellae or variations in skeletal growth rate. Variations 
between different reef sites may reflect differences in the light availability at each site. 
No seasonal variations in Mg, Rb, Sr, Ba and U are observed in corals from any of the sites. 
A small scale geochemical heterogeneity was identified for these elements using an ion 
microprobe. Microboring organisms produce holes (visible in transmitted light) which 
permeate throughout the coral skeleton and occasionally contain amorphous or exceptionally 
fine-grained materials, deposited over the aragonite. These materials may be derived from 
inorganic precipitation from seawater or from secretions (organic or mineral) produced by 
microboring organisms. These areas frequently contained higher Ba concentrations than the 
surrounding crystal areas of the trabeculae. These anomalies may reflect the presence of 
biogenic or abiogenic precipitates, sedimentary particles or more likely, organic materials 
which act as effective metal ligands. 
Centres of calcification represent more porous areas of the coral skeleton than the 
surrounding crystal areas. These areas frequently contained higher concentrations of barium 
and magnesium than the surrounding crystal trabeculae. This is also probably due to the 
inclusion of organic materials or precipitates along these features. However I found no 
evidence of precipitation of additional materials along these centres of calcification. Higher 
concentrations of Mg and Ba are also observed on the corals walls. These probably reflect 
adsorption of these metals from seawater. It is very important that pretreatments prior to 
analysis of coral material are sufficiently harsh to remove this contaminating material. 
The coral skeletons examined here are heterogeneous with respect to Mg, Rb, Sr, Ba and U 
on a very small scale, even after discounting analyses on microborings and centres of 
calcification. The whole concentration range of an element is frequently observed over 
relatively short skeletal distances corresponding to less than one months growth. This may 
reflect variations in seawater chemistry, coral calcification rate, zooxanthellae activity or 
continued calcification throughout the tissue layer. However it seems most likely that 
geochemical differences are caused by variations in the quantity or composition of the 
organic material in the skeleton. An increase in Ba towards the outer parts of all corals 
collected in July 1991 may reflect an increase in the quantity of organic material in the most 
recently deposited skeleton. Alternatively zooxanthellae may regulate the Ba concentration 
of the coral tissues and a relative reduction in their numbers due to the bleaching event could 
increase skeletal Ba. 
No evidence of the Sr variation expected from the Sr palaeothermometer (Beck et at. 1992) 
was found in corals analysed by ion microprobe or XRF. The small scale geochemical 
heterogeneity of the corals far exceeded the range expected from temperature data and 
effectively swamped any temperature trend. 
Isotopic counts on the ion microprobe were too low to allow accurate determination of 8 13 C 
and 8180  values. Measurements could only be obtained by analysis of relatively large 
samples (0.09 - 0.14 mg) and it was not possible to compare the isotopic compositions of 
centres of calcifications and microborings with those of the surrounding crystal areas. 
Replication of isotopic measurements on duplicate coral samples was very good. Either the 
isotopic compositions of centres of calcification and microborings are not significantly 
different from those of the surrounding material, or the material is present in such small 
quantities as to have no significant effect or the compositions and quantities of these affected 
areas are the same in all parts of the coral skeleton and have the same effect on the overall 
composition. Swart (1981) reported 8 13C values of-9.8 to -6.3%o in organic material 
associated with coral tissues and green algal bands in a Leptastrea sp. coral specimen. The 
highest estimates of organic material in the skeleton are Ca. I % w/w which would correlate 
with a maximum 81 3C value of ±0. 16%o. This is not much higher than the standard error 
observed between replicate samples and it seems unlikely that organics in the skeleton 
significantly affect 813C  values. 
7.2. The effect of the coral bleaching event on skeletal geochemistry 
Some corals became bleached during the period of anomalous high temperatures recorded 
around Phuket in the summer of 1991. Bleached corals have significantly reduced linear 
extension and calcification rates during the growth interval November 1990 - July 1991 
compared to corals which appeared unaffected. Bleached corals also have significantly 
higher skeletal bulk densities compared to unbleached corals at this time. There are no 
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significant differences in the skeletal extension rates of bleached and unbleached corals in the 
growth interval before the bleaching event (approximately November 1989 - November 
1990). It therefore seems likely that the reduction in calcification in bleached corals is an 
effect of the bleaching event and is not a characteristic of corals which are more susceptible 
to bleaching. 
Bleached corals deposited skeletons significantly enriched in 13C and 180  compared to corals 
which appeared unaffected. This is a consequence of the reduction in skeletal growth rate in 
the bleached corals. This effect was not observed during the analysis of larger samples across 
seasonal profiles in bleached and unbleached coral heads. Skeletal material deposited in the 
months before and during the bleaching event was relatively depleted in 180,  supporting the 
theory that positive temperature anomalies occurred during and may have caused the 
bleaching event. Whole or partial expulsion of zooxanthellae (or loss of their pigments) was 
manifest as a relative depletion in 13,  reflecting the impact of the algae on skeletal 813C. 
In the bleached coral specimens two contrasting influences on 813C were identified. In 
general, the reduction in zooxanthellae density in these corals correlated with a decrease in 
the 813C  of the skeleton. However, the very outermost part of these skeletons is relatively 
enriched in 13C. I suggest that at this point the complete loss of zooxanthellae greatly 
reduced the growth rate of the coral skeleton. The newly deposited carbonate was able to 
isotopically equilibriate with the carbon in the surrounding extracytosolic fluid to a greater 
extent and EI 3C values increased. It appears that the quantity of skeletal material deposited at 
this point (the peak of the bleaching event) was so small that the 13C enrichment was not 
identified during analysis of isotopic profiles. In combination, the two influences produced a 
subtle depletion in 13C in the skeleton when examined in profile. It is possible that a much 
finer sampling strategy i.e. sub-millimetre would have identified the period of 13C 
enrichment associated with the peak of the bleaching event. However it does not appear from 
these measurements that the bleaching event produced a unique signal in the coral skeletons. 
7.3 Implications for future research 
The environmental geochemistry of massive coral skeletons is an expanding science and has 
been used to produce detailed records of environmental fluctuations over several centuries. 
However this study has identified some other influences on skeletal geochemistry. Coral 
growth rate has a strong influence on 8 180 composition to the extent that seasonal variations 
may reflect growth rate changes and not the expected temperature trend. This may explain 
the difficulty experienced by some authors in identifying the 5 180 temperature signature in 
some corals. 
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In addition, large variations in the ranges of trace and minor elements are observed between 
corals. Pingitore et al. (1989) reported similar variations in the ranges of barium deposited by 
different coral species. In this study, Ba ranges of 1-4 ppm and 3-11 ppm are found in corals 
of apparently the same species which were collected only metres apart from the same reef 
site. Distribution coefficients (KD)  which present the proportion in which the element/Ca 
seawater ratio is incorporated into the skeleton will vary by a magnitude of 2-3 between these 
corals. Other authors previous estimates of KD  may have incorporated this degree of error. 
Increased concentrations of some elements e.g. Ba and Mg are associated with analyses on 
microborings and centres of calcification in the coral skeleton. Relatively high concentrations 
of these elements are also observed on the coral walls and probably reflect adsorption of ions 
from seawater. Authors who analyse relatively untreated samples will include these materials 
in their estimates of aragonite composition. It is essential that rigorous cleaning procedures 
are adopted to remove this contamination. However, it is extremely unlikely that any 
pretreatment will be able to remove the organic materials which are finely disseminated 
throughout the carbonate and variations in the quantity and/or composition of this matrix 
may lead to small scale geochemical heterogeneity in the skeletons. This has major 
implications for the role of coral skeletons in palaeoenvironmental analysis. 
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Appendix A. Sites, dates and approximate depths (relative to mean low water) of coral head sampling. 
For stained specimens the date of staining is given and where appropriate the state (bleached or 








in July 1991 
Pontes Bay 
PBI 12.7.91 2.0 - Unbleached 
PB2 18.7.91 2.5 - Unbleached 
PB3 20.7.91 1.5 28.6.91 Unbleached 
PB4 20.7.91 1.5 28.6.91 Bleached 
PB5 20.7.91 2.0 28.6.91 Bleached 
PB6 20.7.91 1.0 28.6.91 Unbleached 
PB7 20.7.91 1.5 28.6.91 Bleached 
PB8 20.7.91 1.0 28.6.91 Bleached 
PB9 20.7.91 1.0 28.6.91 Unbleached 
PB1O 20.7.91 2.0 28.6.91 Bleached 
PB1I 23.7.91 2.5 - Unbleached 
PBI2 23.7.91 1.0 - Unbleached 
PB13 24.7.91 unknown - Unbleached 
PBI4 24.7.91 unknown - Unbleached 
PB15 24.7.91 unknown - Unbleached 
PB16 24.7.91 unknown - Bleached 
PB 17 24.7.91 unknown Bleached 
PBI8 24.7.91 unknown Bleached 
PBNEW1 10.7.92 2.5 28.6.91 Unbleached 
PBNEW2 10.7.92 2.0 28.6.91 Unbleached 
PBNEW3 10.7.92 2.0 28.6.91 Bleached 
PBNEW4 10.7.92 2.5 28.6.91 Bleached 
Aquarium Reef 
AQI 30.6.91 2.5 29.6.91 Unbleached 
AQ2 21.7.91 2.5 29.6.91 Unbleached 
AQ3 7.7.91 2.5 29.6.91 Unbleached 
AQ4 7.7.91 2.5 29.6.91 Unbleached 
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Appendix A (cont.). Sites, dates and approximate depths of coral head sampling. For stained 
specimens the date of staining is given and where appropriate the state (bleached or unbleached) of the 
coral in July 1991 is noted. 
Coral Date 
collected 
Collection 	Date of 
depth (m) 	staining 
Pigment state 
in July 1991 
Ko Racha 
KR! 5.7.91 8.0 	 - Unbleached 
KR2 5.7.91 12.5 	 - Unbleached 
KR3 5.7.91 5.0 	 - Unbleached 
KR4 5.7.91 5.0 	 - Unbleached 
KRS 5.7.91 3.0 	 - Unbleached 
KR6 5.7.91 3.0 	 - Unbleached 
Ko Miang 
KM 1 1.90 unknown 	 - - 
KM2 1.90 unknown 	 - - 
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Appendix B. Point counts on polished thin sections of coral material identifying unaltered areas of the 
crystal trabcculae, centres of calcification and microborings. 
Thin Section Carbonate Centre of 
Calcification 
Microboring CC + boring 
AQ8E 667 69 32 6 
PB8B 470 56 51 4 
PBIA 248 22 2 0 
PB9A 328 35 9 2 
KR6A 476 71 16 15 
KR6B 460 77 20 5 
KR4B 321 25 6 0 
SMIA 318 61 0 0 
SM1D 354 43 9 
SM2D 484 53 19 2 
SM2E 613 30 32 
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Appendix C. Growth characteristic measurements of the outermost skeletal growth increment and 
chlorophyll a concentration of the overlying coral tissues in corals from Porites Bay (PB), Aquarium 










Unbleached Corals from Porites Bay 
PBI I 8.5 0.95 8.1 18.4 
2 8.5 0.95 8.1 16.9 
PB2 1 13.0 0.78 10.1 - 
PB3 1 18.0 0.66 11.9 11.6 
2 19.0 0.68 12.9 10.6 
3 19.0 0.71 13.4 11.5 
4 19.0 0.63 12.0 9.7 
5 19.0 0.70 13.3 12.2 
PBS 1 11.0 0.99 10.9 7.4 
2 10.0 0.89 8.9 5.7 
3 11.0 0.86 9.4 6.3 
4 10.5 0.88 9.3 11.1 
5 10.0 0.94 9.4 9.0 
PB6 1 6.0 0.93 5.6 22.2 
2 7.0 0.98 6.9 15.8 
3 7.0 1.08 7.6 20.2 
4 8.0 1.10 8.8 18.7 
5 10.0 1.08 10.8 17.6 
6 8.5 0.80 6.8 - 
PB9 1 9.0 1.00 9.0 18.7 
2 10.0 0.94 9.4 18.8 
3 11.0 0.95 10.5 19.0 
4 11.0 0.96 10.5 19.3 
5 10.0 0.93 9.3 20.7 
6 12.0 0.83 9.9 - 
7 9.0 1.11 9.9 - 
P13 13 1 12.0 0.72 8.6 - 
2 12.0 0.83 10.0 - 
PB14 I 7.5 0.84 6.3 - 
2 7.5 0.82 6.1 - 
PB15 I 10.0 1.10 11.0 - 
2 10.0 8.20 8.2 - 
Bleached Corals from Porites Bay 
PB4 1 5.0 1.08 5.4 0.0 
2 4.0 1.07 4.3 0.0 
3 5.0 1.08 5.4 0.0 
4 6.0 1.02 6.1 0.0 
5 5.0 1.16 5.8 0.0 
6 5.0 1.05 5.2 - 
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Appendix C (cont.). Growth characteristic measurements of the outermost skeletal growth increment 
and chlorophyll a concentration of the overlying coral tissues corals from Porites Bay (PB), Aquarium 










Bleached Corals from Porites Bay 
PB7 1 5.5 0.93 5.1 0.0 
2 5.0 1.01 5.1 0.0 
3 5.0 1.05 5.3 0.0 
4 4.0 1.03 4.1 0.0 
5 3.0 0.98 2.9 0.0 
6 7.5 1.01 7.5 - 
PB8 I 4.0 1.11 4.4 0.0 
2 5.0 0.98 4.9 0.0 
3 6.0 0.95 5.7 0.0 
4 5.0 0.96 4.8 0.0 
5 5.0 1.00 5.0 0.0 
6 5.0 0.95 4.8 - 
PBI2 I 10.0 0.89 8.9 0.0 
2 11.0 0.90 9.9 0.0 
3 12.0 0.87 10.4 0.0 
4 11.5 0.81 9.3 0.0 
5 10.5 0.79 8.3 0.0 
PBI6 1 7.0 1.06 7.4 - 
2 7.0 1.00 7.0 - 
PB17 1 5.0 0.99 5.0 - 
2 5.0 0.91 4.6 - 
PBI8 I 5.5 1.01 5.5 - 
2 5.5 1.04 5.7 - 
Unbleached corals from Aquarium Reef 
AQI 1 8.0 0.80 6.4 - 
AQ2 1 7.0 1.01 7.1 - 
AQ3 1 13.5 0.83 11.2 - 
AQ4 1 7.0 0.90 6.3 - 
Unbleached corals from Ko Racha 
KR1 1 10.0 0.89 8.9 - 
KR2 1 4.0 1.23 4.9 - 
KR3 1 12.0 1.07 12.8 - 
KR4 1 10.0 0.94 9.4 - 
KR5 1 10.0 1.09 10.9 - 
KR6 1 9.0 1.16 10.4 - 
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Appendix D. Growth rate measurements and geochemical data from samples from around the 
outermost growth increment of coral PB!. Chlorophyll a concentrations of the overlying coral tissues 





(mg/cm2) 13C S.D. 180 S.D. 
5 9.1 -3.35 0.23 -5.39 0.17 
2 5 11.0 -3.40 -5.61 
3 6 12.6 -2.83 -5.47 
4 7 14.8 -3.00 0.11 -5.40 0.09 
5 7 15.7 -2.80 0.06 -5.62 0.01 
6 8 13.6 -3.34 -5.72 
7 10 21.6 -3.56 -5.85 
8 11 20.6 -4.13 0.04 -5.68 0.07 
9 12 19.1 -2.33 -5.72 
10 15 18.4 -3.36 -5.78 
11 15 15.7 -1.95 -5.56 
12 14 17.9 -3.34 -5.81 
13 14 16.2 -2.95 -5.34 
14 13 16.5 sample lost 
15 12 16.4 -3.45 -5.79 
16 8 15.7 -3.59 -5.54 
17 9 15.4 -3.58 -5.88 
18 10 14.0 -3.62 -5.85 
19 9 11.5 -4.42 -5.45 
20 6 10.5 -4.48 -5.44 
21 6 6.8 -4.79 0.28 -5.28 0.14 
22 5 12.6 -4.37 -5.91 
23 5 13.9 -4.00 -5.90 
24 7 14.8 -3.03 -5.56 
25 6 15.3 -2.97 -5.86 
26 7 14.0 -2.58 -5.63 
27 7 15.2 -2.73 -5.61 
28 7 16.3 -2.55 -5.56 
29 15 17.6 -3.73 -5.94 
30 10 16.9 -3.83 0.05 -5.84 0.04 
31 8 14.7 -3.60 -5.65 
32 6 14.3 -4.01 -5.79 
33 7 12.1 -3.97 -5.70 
34 5 14.7 -3.73 -5.66 
35 4 9.5 -3.95 -5.55 
36 4 9.0 -2.99 -5.52 
37 5 9.7 -2.80 -5.40 
38 6 5.7 -5.22 -6.28 
39 1 0.0 -6.27 -5.99 
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Appendix E. Stable carbon and oxygen isotope measurements on samples from the outer growth 
increments of all corals. Measurements on the outer 1 mm of some skeletons are also shown. Standard 
errors are calculated on duplicate measurements where possible. 
Samp 13C 
Outer 1mm of skeleton 
S.D. 	180 	S.D. 
Outer growth increment of skeleton 
13C 	S.D. 	180 	S.D. 
Unbleached Corals from Porites Bay 
PB! I -3.36 -5.78 -3.80 -5.33 
2 -3.83 -5.84 -4.13 0.01 -5.42 0.03 
P132 I - - -2.92 0.08 -5.78 0.05 
PB3 1 -3.98 -6.22 -4.07 0.11 -6.16 0.03 
2 -3.83 -6.94 -4.01 -6.16 
3 -4.23 -6.41 -4.07 -6.07 
4 -3.98 -6.19 -4.05 -6.16 
5 -4.13 0.01 	-6.64 0.01 -3.91 -5.91 
PBS 1 -4.10 -5.28 -3.70 0.12 -5.59 0.09 
2 -4.44 -5.41 -3.51 -5.67 
3 -5.22 -5.47 -3.72 -5.50 
4 -5.12 -5.59 -4.31 -5.80 
5 -5.50 0.00 	-5.65 0.01 -4.51 -5.83 
PB6 1 -3.81 0.08 -5.60 0.01 -3.32 -5.49 
2 -3.56 -5.50 -3.36 -5.48 
3 -4.17 -5.54 -3.05 -5.18 
4 -4.33 -5.62 -3.58 -5.57 
5 -4.13 -5.68 -3.86 0.16 -5.76 0.00 
PB9 I -2.70 -5.83 -3.02 -5.76 
2 -3.26 -5.98 -2.62 -5.68 
3 -3.17 -6.07 -2.71 -5.43 
4 -3.25 -5.97 -3.08 -5.66 
5 -3.00 0.08 	-5.95 0.02 -3.14 -5.73 
6 - - -2.71 0.04 -5.66 0.03 
PBI3 1 - - -4.45 -5.91 
PB14 I - - -2.97 -5.66 
PBI5 I - - -2.47 -5.50 
PBI5 2 - - -3.10 -5.67 
Bleached Corals from Porites Bay 
PB4 1 -1.47 -4.26 -2.29 -4.79 
2 -1.83 -3.71 -2.88 -4.91 
3 -3.47 -3.91 -2.66 -4.96 
4 -2.51 -3.98 -2.17 0.03 -5.01 0.21 
5 -1.66 0.01 	-3.86 0.04 -2.17 -4.97 
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Appendix E (cont.). Stable carbon and oxygen isotope measurements on samples from the outer 
growth increments of all corals. Measurements on the outer I mm of some skeletons are also shown. 
Standard errors are calculated on duplicate measurements where possible. 
Outer 1mm of skeleton 
	 Outer growth increment of skeleton 
Samp 	13C 	S.D. 	180 	S.D 
	
13C 	S.D. 	180 	S.D. 
Bleached Corals from Porites Bay 
P137 I -4.51 -4.74 
2 -3.89 -4.67 
3 -3.40 -4.46 
4 -3.09 -4.51 
5 2.08 4.53 
P138 1 -2.28 -5.11 
2 -2.47 -5.17 
3 -2.67 -5.20 
4 -2.85 -5.11 
5 -2.92 -5.11 
P13 12 1 -2.95 -4.71 
2 -2.95 -4.91 
3 -4.68 -5.20 
4 -4.39 -5.20 
5 -3.95 -4.94 
6 - - 
PB16 I - - 
P13 17 I - - 
P13 18 I - - 
Unbleached corals from Aquarium Reef 
AQI 1 - - 
AQ2 I - - 
AQ3 I - - 
Unbleached corals from Ko Racha 
KR1 I - - 
KR2 I - - 
KR3 I - - 
KR4 I - - 
KR5 I - - 
















































-2.60 0.06 -5.45 0.04 
-2.78 
	 -5.73 
-4.17 0.02 -5.96 0.03 
-3.12 0.00 -5.68 0.01 
-3.06 0.02 -5.82 0.03 
-3.43 -6.24 
































IA 10.71 -2.66 
1  10.64 -2.74 
2 10.53 -2.76 
3 10.38 -2.32 
4 10.23 -2.52 
5 10.08 -2.63 
6 9.95 -2.53 
7 9.86 -2.36 
8 9.77 -2.35 
9 9.67 -1.80 
10 9.58 -2.19 
II 9.48 -2.93 
12 9.37 -3.12 
13 9.27 -2.68 
14 9.16 -2.83 
15 9.05 -2.38 
16 8.93 -1.93 
17 8.80 -1.46 
18 8.67 -1.33 
19 8.54 -1.73 
20 8.41 -2.25 
21 8.29 -2.33 
22 8.18 -2.52 
23 8.06 -2.77 
Appendix F. Stable carbon and oxygen isotope measurements for isotopic profiles experiment. 
Relative yearly positions (RYP) are calculated by dividing the distance of the sample along the 
fluorescent couplet by the width of the couplet. Samples prefixed by II were deposited in the couplet 
November 1991 - November 1992; prefixed by 10 were in the couplet November 1990- November 
1991 etc. 
Sample 	RYP 	d 13 	S.D. 	d180 	S.D. Sample 	RYP 	d 13 	S.D. 	d180 	S.D. 
Coral PB9 
	 I PB9b 
I 10.72 -3.02 0.10 -5.73 0.17 I 10.66 -3.80 
2 10.66 -2.90 -6.00 2 10.47 -4.06 
3 10.56 -2.47 -5.66 3 10.28 -3.99 
4 10.44 -3.03 -5.67 4 10.09 -3.64 
5 10.31 -3.79 0.03 -5.87 0.06 5 9.94 -3.82 
6 10.19 -3.75 -5.91 6 9.81 -3.70 
7 10.06 -3.40 -5.80 7 9.69 -3.73 
8 9.95 -2.94 -5.71 8 9.56 -3.57 
9 9.85 -3.14 -5.50 9 9.45 -3.40 
10 9.75 -3.20 -5.45 10 9.35 -4.23 
Ii 9.65 -2.31 -5.46 II 9.25 -5.29 
12 9.52 -2.63 -5.71 12 9.05 -4.57 
13 9.37 -2.76 0.04 -5.64 0.03 13 8.94 -4.35 
14 9.22 -3.61 -5.70 14 8.83 -4.22 
15 9.07 -3.75 -5.77 15 8.72 -3.75 
16 8.93 -3.35 -5.92 16 8.61 -3.76 
17 8.79 -3.06 -5.64 17 8.48 -3.83 
18 8.65 -2.60 -5.49 18 8.34 -3.77 
19 8.50 -2.74 -5.63 19 8.21 -4.83 
20 8.36 -3.08 -5.57 20 8.07 -5.07 
21 8.25 -2.95 -5.77 
22 8.18 -3.71 -5.75 
23 8.11 -3.65 -5.87 
24 8.04 -4.02 0.04 -5.87 0.03 
Coral PB7 





















I 10.70 -4.09 0.11 
2 10.61 -3.47 0.04 
3 10.56 -3.52 
4 10.44 -3.58 0.07 
5 10.31 -4.02 
6 10.19 -4.06 
7 10.06 -3.77 0.01 
8 9.96 -3.79 
9 9.87 -3.52 
10 9.79 -2.94 0.03 
II 9.71 -2.69 
12 9.62 -2.32 
13 9.53 -2.35 
14 9.43 -2.52 
15 9.34 -3.22 
16 9.24 -4.37 
17 9.15 -3.82 
18 9.05 -3.50 
19 8.95 -3.84 
20 8.85 -3.16 
21 8.75 -3.58 0.01 
22 8.65 -3.27 
23 8.55 -3.02 
24 8.45 -3.31 
25 8.35 -3.21 
26 8.25 -3.21 
27 8.15 -3.23 
































Appendix F (cont.). Stable carbon and oxygen isotope measurements for isotopic profiles experiment. 
Relative yearly positions (RYP) are calculated by dividing the distance of the sample along the 
fluorescent couplet by the width of the couplet. Samples prefixed by 11 were deposited in the couplet 
November 1991 - November 1992; prefixed by 10 were in the couplet November 1990- November 
1991 etc. 
Sample RYP d13C S.D. d 18 S.D. Sample RYP d13C S.D. 	d180 	S.D. 
Coral AQ8 Coral AQNEW 
I 10.71 -4.41 -5.88 I 11.69 -3.26 0.01 	-5.83 	0.00 
2 10.63 -3.78 -5.78 2 11.56 -2.67 -5.74 
3 10.54 -3.14 -5.73 3 11.44 -2.77 -5.76 
4 10.46 -3.20 -5.69 4 11.31 -3.08 -5.59 
5 10.38 -3.26 -5.62 5 11.19 -3.30 -5.65 
6 10.29 -2.63 -5.20 6 11.06 -3.54 -5.89 
7 10.21 -3.01 -5.54 7 10.94 -2.82 -5.88 
8 10.13 -3.63 -5.59 8 10.82 -2.54 -5.74 
9 10.04 sample lost 9 10.71 5.28 -5.86 
10 9.97 -3.58 -5.03 10 10.62 -3. -5.74 
II 9.91 -3.53 -5.40 II 10.53 -2.88 -5.82 
12 9.95 -3.56 -5.55 12 10.41 -2.81 -5.75 
13 9.80 -3.77 -5.44 13 10.29 -2.45 -5.88 
14 9.74 -3.60 -5.59 14 10.18 -2.74 -5.76 
IS 9.68 sample lost 15 10.06 .2.94 -5.68 
16 9.62 -3.54 -5.64 16 9.94 -2.96 -5.52 
17 9.56 -3.74 -5.63 17 9.81 -2.91 -5.56 
18 9.50 -3.96 -5.77 
19 9.44 -3.89 -5.65 
20 9.39 -3.37 -5.66 
21 9.33 -3.26 -5.64 
22 9.27 -3.48 0.14 -5.86 0.03 
23 9.21 -4.22 -5.81 
24 9.15 -4.07 -5.81 
25 9.09 -4.20 -5.50 
26 9.03 -4.20 -5.71 
27 8.96 -3.88 -5.65 
28 8.89 -3.98 -5.57 
29 8.82 -3.37 -5.68 
30 8.74 -4.06 -5.67 
31 8.67 -3.98 -5.57 
32 8.59 -4.00 -5.66 
33 8.52 -3.90 -5.53 
34 8.45 -3.97 -5.59 
35 8.38 -3.57 -5.53 
36 8.31 sample lost 
37 8.24 -3.66 -5.48 
38 8.17 -4.20 -5.54 
39 8.10 -4.15 -5.57 
40 8.03 -3.74 -5.56 
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Appendix F (cont.). Stable carbon and oxygen isotope measurements for isotopic profiles experiment. 
Relative yearly positions (RYP) are calculated by dividing the distance of the sample along the 
fluorescent couplet by the width of the couplet. Samples prefixed by II were deposited in the couplet 
November 1991 - November 1992; prefixed by 10 were in the couplet November 1990- November 
1991 etc. 
Sample RYP d 13 S.D. d180 S.D. Sample RYP d 13 S.D. d180 S.D. 
Coral KR4 Coral KE6 
I 10.70 -3.27 -6.11 I 10.70 -2.73 -6.15 
2 10.59 -3.40 -6.21 2 10.59 -2.48 -6.08 
3 10.48 -3.08 -6.16 3 10.48 -2.60 0.02 -5.99 0.02 
4 10.38 -3.38 -6.31 4 10.38 -2.18 -5.80 
5 10.27 -4.21 -6.43 5 10.27 -2.06 -5.69 
6 10.16 -3.31 0.23 -6.24 0.017 6 10.16 -2.45 -5.75 
7 10.05 -3.46 -6.25 7 10.05 -2.26 -5.80 
8 9.96 -3.14 -6.22 8 9.96 -2.09 -5.62 
9 9.87 -2.91 -6.22 9 9.87 -2.26 -5.84 
10 9.79 -2.85 -6.21 10 9.79 -2.59 -5.57 
Il 9.71 -3.16 -6.00 II 9.71 -2.37 -5.53 
12 9.62 -3.04 -5.87 12 9.62 -2.12 -5.49 
13 9.54 2.82 -5.93 13 9.54 -2.12 0.02 -5.61 0.01 
14 9.45 -2.41 -6.00 14 9.45 -2.32 -5.63 
15 9.37 -3.33 -6.03 15 9.37 -2.31 -5.92 
16 9.29 -2.96 -6.19 16 9.29 -2.22 -5.88 
17 9.20 -3.03 -6.11 17 9.20 -2.25 -5.62 
18 9.13 -3.27 -6.04 18 9.13 -1.98 -5.94 
19 9.08 -3.42 -6.28 19 9.08 -2.19 -5.89 
20 9.03 -3.09 -6.38 20 9.03 -1.79 -5.75 
21 8.96 -2.87 -6.70 21 8.97 -1.80 0.04 -6.05 0.03 
22 8.87 -2.96 -6.41 22 8.89 -2.23 -5.72 
23 8.82 -2.22 -5.52 
Coral PB4 24 8.75 -1.90 -5.41 
25 8.68 -2.05 -5.40 
1 10.66 -1.84 -4.72 26 8.61 -2.10 -5.47 
2 10.47 -1.69 -4.55 27 8.54 -1.98 -5.50 
3 10.28 -1.70 -4.72 28 8.47 -2.21 -5.61 
- 	 4 10.09 -2.08 -5.03 29 8.40 -1.87 -5.66 
5 9.94 -1.98 -4.94 30 8.33 -2.04 -5.67 
6 9.83 -2.37 -5.11 31 8.25 -2.34 -5.80 
7 9.72 -1.88 -5.09 32 8.18 -2.22 -5.73 
8 9.60 -1.60 -4.94 33 8.11 -2.15 -5.76 
9 sample lost 34 8.04 -2.36 -5.80 
10 9.38 -2.14 -4.80 
II 9.27 -2.30 -5.16 
12 9.16 -2.90 -5.28 
13 9.06 -2.95 -5.52 
14 8.94 -2.83 -5.41 
15 8.83 -2.46 -5.18 
16 8.71 -2.56 -5.22 
17 8.60 -2.45 -5.22 
18 8.49 -2.92 -5.36 
19 sample lost 
20 sample lost 
21 sample lost 
22 sample lost 
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Appendix G. Multiple ion microprobe analyses on carbonate standard, NCC, for strontium, 








17.0 6.0 4.21 2.5 1.52 1.3 
2 18.8 6.6 4.47 2.7 1.50 1.3 
3 18.6 6.5 4.39 2.6 1.62 1.4 
4 18.9 6.6 4.65 2.8 1.16 1.0 
5 15.9 5.6 3.92 2.4 1.85 1.6 
6 18.6 6.5 4.50 2.7 1.45 1.2 
7 18.1 6.4 4.36 2.6 1.57 1.3 
8 19.3 6.8 4.68 2.8 1.22 1.0 
9 18.8 6.6 4.56 2.7 1.28 1.1 
10 18.9 6.6 4.53 2.7 1.46 1.2 
11 17.8 6.2 4.36 2.6 1.53 1.3 
12 15.3 5.4 3.95 2.4 1.56 1.3 
13 17.4 6.1 4.24 2.6 1.62 1.4 
14 17.6 6.2 4.36 2.6 1.53 1.3 
15 16.6 5.8 4.33 2.6 1.36 1.1 
16 17.2 6.0 4.18 2.5 1.59 1.3 
17 18.4 6.4 4.39 2.6 1.46 1.2 
18 18.6 6.5 4.39 2.6 1.61 1.4 
19 18.4 6.4 4.42 2.7 1.52 1.3' 
Average 17.9 4.36 1.50 
Std Dev. 1.06 0.20 0.15 
S.D. (%) 5.94 4.48 10.29 
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Appendix H. Trace and minor element concentrations on adjacent pairs of ion microprobe analyses 
(up to 50 ltrn apart). All analyses from unaltered crystal areas of the trabeculae. The difference in 
concentration between each pair has been used to calculate a standard deviations as a percentage of the 
mean concentration of the pair. Comparisons are only made between analyses from the same probe 






















Magnesium (mmotlmol Ca) Iron (iimoL/mol  Ca) Manganese (umot/mol Ca) 
5.40 5.07 0.17 3 31 35 2 6 0.57 0.67 0.05 7 
4.77 5.44 0.33 7 40 48 4 8 0.93 1.11 0.09 9 
5.40 4.77 0.31 6 31 48 8 21 0.67 1.11 0.22 25 
4.77 5.07 0.15 3 35 48 6 15 0.57 1.11 0.27 32 
5.07 5.44 0.19 4 35 40 3 7 0.57 0.93 0.18 23 
4.98 5.23 0.13 2 38 37 0 1 0.96 1.11 0.07 7 
6.28 5.57 0.36 6 1.19 1.39 0.10 8 
5.15 6.03 0.44 8 1.06 1.46 0.20 16 
5.15 4.94 0.10 2 0.87 1.06 0.09 10 
4.90 5.11 0.10 2 0.63 0.78 0.07 II 
5.15 4.56 0.29 6 0.28 0.41 0.06 19 
5.28 4.94 0.17 3 0.83 0.85 0.01 
5.78 4.65 0.57 II 0.65 0.69 0.02 3 
5.65 4.77 0.44 8 0.57 0.57 0.00 0 
4.90 5.86 0.48 9 1.37 1.28 0.05 3 
4.77 4.61 0.08 2 
3.73 3.42 0.15 4 
4.08 4.23 0.08 2 
5.32 5.44 0.06 
4.82 4.27 0.27 6 
3.87 3.52 0.18 5 
3.72 4.07 0.17 4 
4.16 4.19 0.01 0 
4.94 4.61 0.17 4 
6.32 4.73 0.80 14 
4.52 5.07 0.27 6 
3.61 3.98 0.19 5 
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Appendix H (cont.). Trace and minor element concentrations on adjacent pairs of ion microprobe 
analyses (up to 50 pm apart). All analyses from unaltered crystal areas of the trabeculae. The difference 
in concentration between each pair has been used to calculate a standard deviations as a percentage of 
the mean concentration of the pair. Comparisons are only made between analyses from the same probe 






















Copper (pmollmol Ca) Rubidium (pmollmol Ca) Strontium (mmol/mol Ca) 
51 61 5 9 0.25 0.27 0.01 5 8.10 8.21 0.06 I 
50 72 II 19 0.20 0.20 0.00 0 8.04 8.14 0.05 I 
61 50 5 10 0.20 0.27 0.04 15 8.04 8.21 0.09 I 
50 51 I 1 0.20 0.25 0.02 Il 8.04 8.10 0.03 0 
51 72 10 17 0.20 0.25 0.02 II 8.10 8.14 0.02 0 
0.30 0.33 0.02 6 8.16 8.21 0.03 0 
0.30 0.35 0.02 7 7.96 8.26 0.15 2 
0.10 0.15 0.03 24 8.25 8.26 0.01 0 
0.07 0.15 0.04 37 8.05 8.25 0.10 
0.29 0.33 0.02 8 8.27 8.39 0.06 
0.31 0.37 0.03 9 8.49 8.56 0.03 0 
0.27 0.35 0.04 12 8.54 8.73 0.09 1 
0.11 0.19 0.04 28 8.50 8.63 0.06 I 
0.17 0.20 0.02 10 8.28 8.39 0.05 1 
0.24 0.27 0.02 7 8.34 8.35 0.01 0 
8.23 8.39 0.08 I 
8.52 8.52 0.00 0 
8.35 8.63 0.14 2 
8.60 8.68 0.04 0 
8.69 8.75 0.03 0 
8.55 8.71 0.08 I 
8.32 8.54 0.11 
8.23 8.34 0.06 I 
7.23 7.45 0.11 2 
6.87 7.46 0.30 4 
7.74 7.77 0.02 0 
7.38 7.75 0.19 2 
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Appendix H (cont.). Trace and minor element concentrations on adjacent pairs of ion microprobe 
analyses (up to 50 prn apart). All analyses from unaltered crystal areas of the trabeculae. The difference 
in concentration between each pair has been used to calculate a standard deviations as a percentage of 
the mean concentration of the pair. Comparisons are only made between analyses from the same probe 






















Barium (ismol/mol  Ca) Lead (pmol/mol Ca) Uranium (pmoVmol Ca) 
4.00 4.25 0.13 3 0.15 1.33 0.59 79 0.08 0.10 0.01 	12 
4.13 4.38 0.13 3 0.78 1.03 0.12 14 0.16 0.15 0.00 
4.00 4.38 0.19 5 0.78 1.33 0.27 26 0.20 0.19 0.00 
4.25 4.38 0.06 I 0.15 0.78 0.31 67 0.16 0.18 0.01 	5 
4.13 4.25 0.06 2 0.15 1.03 0.44 74 0.21 0.21 0.00 
7.27 7.38 0.06 I 2.01 2.35 0.17 8 
5.87 5.92 0.03 0 0.59 2.86 1.14 66 
6.14 6.46 0.16 3 1.81 4.17 1.18 39 
6.34 6.14 0.10 2 lOt 1.81 0.40 29 
1.68 1.82 0.07 4 0.00 0.83 0.41 100 
2.16 2.31 0.07 3 0.90 1.84 0.47 34 
1.27 1.34 0.03 3 0.00 1.55 0.78 100 
0.94 1.21 0.13 12 0.00 1.06 0.53 100 
1.25 1.26 0.00 0 0.90 1.11 0.10 10 
1.78 1.92 0.07 4 2.59 4.24 0.83 24 
2.21 2.36 0.07 3 1.22 6.73 2.75 69 
5.71 6.30 0.30 5 2.41 4.18 0.88 27 
6.63 8.24 0.81 II 
2.42 3.02 0.30 II 
3.31 4.39 0.54 14 
3.42 3.90 0.24 6 
4.31 4.90 0.30 6 
2.45 2.95 0.25 9 
2.59 2.83 0.12 5 
2.56 2.62 0.03 I 
2.56 2.56 0.00 0 
5.61 5.87 0.13 2 
Appendix I. Trace and minor element concentrations on adjacent pairs of electron microprobe 
analyses (up to 50 im apart). All analyses from unaltered crystal areas of the trabeculae. The difference 
in concentration between each pair has been used to calculate a standard deviations as a percentage of 






















Magnesium (mmoVmol Ca) Sulphur (pmol/mol Ca) Strontium (mmol/mol Ca) 
3.47 4.31 0.42 II 5.62 4.71 0.46 9 8.43 9.01 0.29 3 
4.31 4.30 0.01 0 4.29 5.36 0.53 Ii 9.01 8.57 0.22 3 
3.64 3.81 0.08 2 5.13 5.17 0.02 0 8.98 8.53 0.22 3 
4.55 4.60 0.03 I 5.03 4.91 0.06 I 8.40 8.64 0.12 
6.06 6.18 0.06 I 5.28 4.20 0.54 II 8.62 8.63 0.00 0 
5.39 4.11 0.64 13 4.76 4.25 0.25 6 9.12 8.51 0.30 3 
3.74 4.82 0.54 13 5.38 5.23 0.08 1 8.62 8.95 0.16 2 
4.06 4.16 0.05 I 8.35 8.44 0.05 
4.15 5.45 0.65 14 8.76 9.32 0.28 3 
3.32 4.48 0.58 15 9.07 8.81 0.13 
5.52 4.97 0.28 5 8.27 9.05 0.39 4 
4.57 5.79 0.61 12 8.85 8.72 0.07 I 
4.60 5.57 0.49 10 9.10 8.67 0.22 2 
3.36 4.59 0.62 16 9.08 9.29 0.10 I 
4.30 3.51 0.39 10 8.91 8.67 0.12 I 
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Appendix J. Trace and minor element concentrations on adjacent pairs of electron microprobe 
analyses (up to 100 pm apart) on morphologically different areas of the skeleton. Analyses on 
unaltered areas of the crystal trabeculae (UA) are compared with analyses on microborings (MB) or 
centres of calcification (CC). Differences in concentration are calculated as ratios and as a percentage 
of the value observed on the UA analysis. Positive values indicate an increase in concentration on the 













Magnesium (mmol/mol Ca) Strontium (mmol/mol Ca) Sulphur (pmot/mol Ca) 
Microborings 
4.43 	3.98 -0.45 -10 8.78 9.15 0.37 4 5.51 4.87 -0.64 -12 
3.47 4.58 1.11 32 8.43 8.97 0.54 6 5.17 5.26 0.09 2 
4.18 	4.41 0.23 6 8.56 9.07 0.50 6 5.45 5.87 0.42 8 
4.88 4.23 -0.65 -13 8.54 8.95 0.41 5 5.15 5.42 0.27 5 
5.03 	4.04 -0.99 -20 8.82 9.15 0.33 4 
4.97 4.73 -0.23 -5 9.05 8.87 -0.18 -2 
5.94 	7.12 1.17 20 9.36 8.89 -0.47 -5 
4.80 3.66 -1.14 -24 8.77 9.01 0.23 3 
Centres of Calcification 
4.43 	4.93 0.50 11 8.78 8.29 -0.48 -6 5.22 5.32 0.10 2 
4.43 5.10 0.67 15 8.78 8.79 0.01 0 
3.47 	6.63 3.16 91 8.43 8.19 -0.25 -3 
3.47 7.08 3.61 104 8.43 8.74 0.30 4 
4.60 	4.50 -0.10 -2 8.64 8.55 -0.09 -I 
4.88 5.27 0.39 8 8.54 8.84 0.30 3 
3.86 	4.11 0.25 7 8.56 8.34 -0.21 -3 
4.55 5.89 1.34 30 8.40 8.60 0.20 2 
4.11 	5.12 1.01 24 9.26 8.70 -0.56 -6 
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Appendix K. Trace and minor element concentrations on adjacent pairs of ion microprobe analyses 
(up to 100 pm apart) on morphologically different areas of the skeleton. Analyses on unaltered areas of 
the crystal trabeculae (UA) are compared with analyses on microborings (MB) or centres of 
calcification (CC). Differences in concentration are calculated as ratios and as a percentage of the value 
observed on the UA analysis. Positive values indicate an increase in concentration on the affected 













Magnesium (mmol/mol Ca) Iron (pmol/mol Ca) Manganese (pmol/mol Ca) 
Microborings 
6.03 5.82 -0.21 -3 27 26 -1 -3 1.60 1.20 -0.40 -25 
4.77 4.44 -0.33 -7 2.58 1.21 -1.37 -53 
3.45 3.68 0.23 7 0.94 0.99 0.05 5 
4.61 4.23 -0.38 .8 0.44 0.41 -0.03 -6 
5.44 3.40 .204 -37 0.47 0.59 0.13 27 
3.68 4.17 0.49 13 
4.82 4.56 .0.25 -5 78 78 0 0 2.46 3.28 0.82 33 
4.98 4.40 -0.59 -12 1.04 1.12 0.08 7 
4.82 5.28 0.46 10 
4.90 4.44 -0.46 -9 
3.48 4.86 1.38 40 34 56 22 66 1.32 2.13 0.81 61 
3.25 4.56 1.31 40 
4.40 2.72 -1.67 .38 
Centres of Calcification 
5.65 4.31 -1.34 -24 25 23 -2 .9 1.17 0.79 -0.38 -32 
5.53 6.24 0.71 13 23 24 I 5 1.09 1.04 -0.04 .4 
6.20 5.02 -1.17 -19 25 24 -1 -4 1.05 1.17 0.12 II 
5.65 7.50 1.84 33 1.19 1.26 0.07 6 
5.19 5.53 0.33 6 29 21 -9 -30 1.24 1.00 -0.24 -19 
4.86 5.11 0.25 5 24 26 3 II 1.02 1.12 0.10 10 
4.98 5.40 0.42 8 22 23 2 8 0.97 0.97 0.01 1 
5.74 6.20 0.46 8 26 26 0 0 1.02 0.95 -0.07 -7 
5.74 6.78 1.05 18 1.02 1.46 0.44 43 
5.74 5.32 -0.42 -7 1.02 1.23 0.21 21 
6.45 6.45 0.00 0 37 27 -10 -27 1.16 1.10 .0.06 .5 
5.07 5.44 0.38 7 
5.11- 5.23 0.13 2 
7.54 5.86 -1.67 -22 0.84 0.66 -0.18 -22 
4.82 5.57 0.75 16 0.83 0.39 -0.44 .53 
4.86 4.73 -0.13 .3 0.76 0.62 -0.15 -19 
5.15 4.56 -0.59 -II 0.89 0.83 -0.06 -6 
4.94 4.52 -0.42 -8 0.88 1.05 0.17 19 
4.23 5.23 1.00 24 0.55 0.87 0.31 57 
4.94 6.03 1.09 22 
5.57 38.48 32.91 591 0.73 1.38 0.65 89 
3.65 3.26 -0.39 -II 0.91 0.81 -0.11 .12 
4.40 4.52 0.13 3 0.29 0.43 0.14 47 
4.69 3.82 -0.87 -19 
4.69 5.11 0.42 9 
3.82 4.27 0.45 12 
4.15 4.27 0.12 3 
4.73 4.10 -0.63 -13 
6.45 6.91 0.46 7 
4.65 6.57 1.93 41 
4.82 3.34 -1.48 -31 
4.48 4.94 0.46 10 
4.48 5.53 1.05 23 
4.44 5.99 1.55 35 
3.81 5.23 1.43 38 
3.84 5.02 1.19 31 45 40 .4 .10 1.79 1.80 0.01 0 
4.44 5.82 1.38 31 53 56 3 7 2.26 3.06 0.80 35 
3.79 4.82 1.03 27 
4.52 3.65 -0.88 -19 59 69 9 16 2.59 1.93 -0.67 -26 
4.48 6.28 1.80 40 
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Appendix K (cont.). Trace and minor element concentrations on adjacent pairs of ion microprobe 
analyses (up to 100 pm apart) on morphologically different areas of the skeleton. Analyses on 
unaltered areas of the crystal trabeculae (UA) are compared with analyses on microborings (MB) or 
centres of calcification (CC). Differences in concentration are calculated as ratios and as a percentage 
of the value observed on the UA analysis. Positive values indicate an increase in concentration on the 













Copper (pmol/mol Ca) Rubidium (pmol/mol Ca) Strontium (mmollmol Ca) 
Microborings 
65 62 -3 -4 0.27 0.29 0.02 6 8.05 7.91 -0.14 -2 
0.74 0.40 -0.33 -45 8.26 8.24 -0.02 -0 
8.56 8.52 .0.05 -1 
0.16 0.18 0.03 18 8.32 8.42 0.10 I 
0.19 0.06 -0.13 -68 8.68 8.95 0.27 3 
8.66 8.75 0.09 I 
0.31 0.31 0.00 0 7.39 7.66 0.27 4 
0.08 0.11 0.03 41 8.79 9.05 0.26 3 
7.40 7.68 0.28 4 
7.25 7.66 0.41 6 
32 49 17 52 0.26 0.65 0.38 147 7.76 7.84 0.08 I 
7.63 7.59 -0.05 -1 
7.54 7.53 -0.01 -0 
Centres of Calcification 
59 45 -15 -25 0.35 0.14 -0.21 -61 7.95 7.94 -0.01 -0 
62 76 14 22 0.26 0.35 0.10 37 8.10 8.19 0.09 I 
59 56 -4 -6 0.25 0.29 0.04 Il 8.14 8.45 0.30 4 
0.32 0.22 -0.09 .29 8.12 8.13 0.01 0 
52 54 2 3 0.29 0.40 0.11 39 7.98 8.21 0.23 3 
56 53 -3 -5 0.43 0.28 -0.15 -35 8.19 8.19 0.00 0 
49 55 6 13 0.16 0.36 0.20 121 8.16 8.42 0.27 3 
60 59 -0 -I 0.17 0.28 0.10 59 7.98 8.36 0.38 5 
7.98 8.27 0.29 4 
7.98 8.39 0.41 5 
58 66 8 14 0.42 0.20 -0.22 -53 8.23 8.38 0.15 2 
8.16 8.48 0.33 4 
8.63 8.45 -0.19 -2 
0.42 0.45 0.03 7 8.25 8.74 0.49 6 
0.17 0.23 0.05 32 8.71 8.68 -0.03 -0 
0.20 0.19 -0.02 -9 8.47 8.40 -0.07 -I 
0.26 0.22 -0.04 -17 8.13 8.39 0.26 3 
0.19 0.30 0.11 57 8.42 8.46 0.03 0 
0.23 0.42 0.19 85 8.59 8.47 -0.12 -I 
8.26 8.55 0.29 4 
0.28 0.32 0.04 13 8.33 8.61 0.28 3 
8.41 8.59 0.17 2 
0.09 0.28 0.19 220 8.70 9.06 0.36 4 
8.35 8.40 0.05 I 
7.45 7.46 0.01 0 
7.34 7.61 0.27 4 
7.48 7.61 0.13 2 
8.42 8.54 0.12 I 
7.57 7.18 -0.40 -5 
7.49 7.45 -0.05 .1 
7.53 7.47 -0.06 -1 
7.45 7.53 0.08 I 
7.45 7.49 0.05 I 
7.40 7.46 0.06 I 
0.45 0.39 -0.05 -12 7.67 7.84 0.17 2 
51 51 -0 -0 0.58 0.34 -0.24 -41 7.76 8.02 0.26 3 
53 56 3 5 0.27 0.59 0.32 118 7.46 7.92 0.46 6 
0.45 0.58 0.12 27 7.76 7.90 0.14 2 
0.23 0.22 -0.01 -4 7.92 8.00 0.08 I 
7.21 7.59 0.37 5 
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Appendix K (cont.). Trace and minor element concentrations on adjacent pairs of ion microprobe 
analyses (up to 100 pm apart) on morphologically different areas of the skeleton. Analyses on 
unaltered areas of the crystal trabeculae (UA) are compared with analyses on microborings (MB) or 
centres of calcification (CC). Differences in concentration are calculated as ratios and as a percentage 
of the value observed on the UA analysis. Positive values indicate an increase in concentration on the 













Barium (pmol/mol Ca) Lead (pmoVmol Ca) Uranium (iunoL/mol Ca) 
Microbonngs 
5.55 6.84 1.29 23 1.7 1.8 0.0 I 
2.32 1.94 -0.38 -16 1.5 0.7 -0.9 -56 
9.91 12.39 2.48 25 4.2 3.3 -0.9 -22 
1.92 1.90 -0.01 -I 
3.02 3.82 0.80 26 
3.08 3.73 0.65 21 
2.52 2.67 0.15 6 0.23 0.24 
0.00 	2 
1.38 1.73 0.36 26 
3.37 14.01 10.64 316 
1.71 18.53 16.82 982 
3.10 34.61 31.52 1017 1.6 0.0 -1.6 -100 0.29 0.18 
-0.11 	-38 
8.60 12.82 4.22 49 
6.66 49.66 43.00 645 
Centres of Calcification 
3.64 3.08 -0.57 -16 0.5 0.0 -0.5 -100 
5.93 6.73 0.81 14 0.0 0.0 0.0 0 
6.30 6.52 0.22 3 0.3 0.3 0.0 6 
4.63 5.26 0.64 14 0.0 0.0 0.0 0 
5.60 6.25 0.64 12 0.0 0.1 0.1 - 
5.98 6.36 0.38 6 1.2 1.4 0.2 13 
7.38 8.13 0.75 10 2.0 0.8 -1.2 -61 
5.05 8.08 3.02 60 0.7 0.8 0.1 15 
5.05 ..5.92 0.87 17 0.7 1.5 0.8 112 
5.05 6.36 1.31 26 0.7 1.2 0.5 70 
7.17 10.50 3.34 47 2.2 1.8 -0.4 -16 
6.25 5.60 -0.65 -10 
6.25 6.63 0.38 6 
2.04. 4.18 2.14 105 2.6 3.4 0.8 30 
0.96 1.31 0.36 37 
1.53 1.99 0.46 30 1.2 3.2 2.0 160 
2.35 1.88 -0.47 -20 3.0 2.6 -0.4 -14 
2.48 2.62 0.13 5 2.9 3.0 0.2 5 
2.21 3.15 0.94 42 0.4 4.5 4.2 1074 
2.56 3.24 0.68 27 
1.41 3.78 2.37 168 0.7 2.1 1.4 181 
4.60 4.77 0.17 4 1.9 2.5 0.6 31 
1.63 2.60 0.97 60 
3.82 17.08 13.26 347 
7.71 10.38 2.67 35 
6.22 6.90 0.68 II 
4.47 6.90 2.43 54 
3.46 5.26 1.79 52 
4.17 4.45 0.27 7 
6.82 6.30 -0.52 -8 
8.08 8.30 0.22 3 
3.62 28.61 24.99 691 
3.62 8.15 4.54 125 
3.62 6.59 2.96 82 
3.15 16.31 13.16 418 0.20 0.19 -0.00 	-2 
2.37 30.02 27.65 1166 0.0 0.0 0.0 0 0.23 0.21 .0.02 -8 
2.42 269.80 267.38 11066 0.0 6.0 6.0 - 0.17 0.24 0.07 	39 
2.04 5.60 3.57 175 1.7 3.2 1.6 92 0.21 0.29 0.09 43 
2.48 3.48 1.01 41 0.19 0.18 -0.01 	-8 
2.40 . 	2.58 0.18 7 
Appendix L. Seasonal trace and minor element variations from ion microprobe analyses, expressed as 
mmol mol- I Ca (Sr and Mg) and pmol mol Ca (all other elements). Correction factors have been 
applied to Rb, Sr and Ba data as necessary to compensate for calibration differences between sessions. 
Relative yearly positions (RYP) are calculated by dividing the distance of the sample along the 
fluorescent couplet by the width of the couplet. Samples prefixed by 11 were deposited in the couplet 
November 1991 - November 1992; prefixed by 10 were in the couplet November 1990- November 
1991 etc. 






Ba 	Ba 	Pb 	U 
December 1991 
AQ8A 4 10.63 5.07 0.30 7.42 8.31 2.94 
7 10.58 3.58 1.02 0.21 7.73 8.65 3.01 
10 10.42 4.23 0.18 7.41 8.30 2.12 
17 10.11 4.44 7.41 8.30 2.29 
23 9.90 4.48 7.21 8.08 2.40 
25 10.20 4.90 7.25 8.12 1.71 
AQ2A 2 10.73 3.61 0.25 7.75 8.68 5.88 
4 10.66 4.82 0.16 7.53 8.43 8.09 
II 10.72 3.98 7.38 8.26 5.62 
13 10.68 3.25 7.63 8.55 8.61 
21 10.52 4.73 7.64 8.56 6.82 
22 10.55 4.65 7.49 8.39 6.83 
KR4A 11 10.51 4.01 1.09 0.13 7.54 8.44 2.97 
13 10.61 4.69 7.45 8.34 7.72 
15 10.59 3.82 7.34 8.22 6.23 
16 10.56 4.15 7.48 8.38 4.47 
KR6A 2 10.58 4.98 0.20 7.46 8.35 6.32 
9 10.32 5.78 0.21 7.60 8.51 7.16 
12 10.18 4.56 7.48 8.38 4.40 
19 9.93 4.44 7.41 8.30 2.40 
22 10.10 4.40 7.54 8.44 3.83 
KR4A 25 10.33 3.82 7.42 8.31 3.97 
31 10.11 4.35 7.60 8.51 3.70 
AQ2A 25 10.44 4.40 7.54 8.44 6.67 
27 10.30 4.27 7.35 8.24 5.58 
30 10.07 3.90 0.25 7.53 8.43 3.80 
31 10.12 4.07 7.61 8.52 4.30 
32 9.94 4.40 7.31 8.18 3.14 
35 9.60 4.86 7.68 8.60 4.28 
36 9.79 4.44 7.40 8.29 3.63 
41 9.77 4.48 7.45 8.34 3.62 
AQ8B 	1 9.66 4.61 7.57 8.48 2.90 
3 9.59 4.31 7.47 8.37 2.72 
4 9.55 4.94 7.37 8.25 3.16 
6 9.43 4.04 7.35 8.24 2.66 
8 9.39 5.23 7.25 8.12 2.60 
9 9.36 5.15 7.55 8.46 2.91 
13 9.19 5.23 7.39 8.28 2.76 
14 9.18 4.44 7.47 8.37 2.52 
AQ8A 27 9.80 4.90 7.39 8.28 2.46 
29 10.30 4.23 7.30 8.17 1.51 
30 10.36 4.82 7.40 8.29 2.09 
KR4A 38 10.02 3.69 7.48 8.38 3.03 
54 10.53 4.94 7.16 8.02 3.12 
57 10.44 4.40 7.46 8.35 4.93 
KR413 	I 9.99 3.25 7.41 8.30 3.15 
March 1992 
PBIA 	I 10.69 5.65 46 	1.17 59 	0.35 7.95 3.65 	0.54 
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Appendix L (cont.). Seasonal trace and minor element variations from ion microprobe analyses, 
expressed as mmol mol- I Ca (Sr and Mg) and limol mol Ca (all other elements). Correction factors 
have been applied to Rb, Sr and Ba data as necessary to compensate for calibration differences 
between sessions. Relative yearly positions (RYP) are calculated by dividing the distance of the sample 
along the fluorescent couplet by the width of the couplet. Samples prefixed by II were deposited in the 
couplet November 1991 - November 1992; prefixed by 10 were in the couplet November 1990-
November 1991 etc. 






Ba 	Pb 	U 
March 1992 cont. 
PBIA 2 10.52 5.53 42 1.09 62 0.26 8.10 5.93 0.00 
5 10.50 5.19 55 1.24 52 0.29 7.98 5.61 0.00 
6 10.37 5.07 51 0.24 8.10 4.26 0.15 
7 10.37 5.40 61 0.27 8.21 4.01 1.33 
8 10.37 4.77 47 1.11 50 0.20 8.04 4.38 0.79 
9 10.44 6.20 47 1.06 59 0.25 8.14 6.31 0.29 
II 10.62 6.16 40 1.13 63 0.30 7.97 4.10 0.29 
12 10.70 5.65 44 1.19 57 0.32 8.12 4.63 0.00 
PBIC 5 10.56 6.45 1.17 58 0.42 8.23 7.17 2.16 
7 10.54 6.03 65 0.27 8.05 5.55 1.77 
PBIA 15 10.37 40 0.93 72 0.20 8.14 4.14 1.03 
PBIB 2 10.59 4.86 44 1.02 56 0.43 8.19 5.99 1.23 
3 10.50 4.94 53 0.87 52 0.28 8.05 5.61 1.03 
4 10.50 5.74 47 1.02 60 0.17 7.98 5.06 0.74 
6 10.53 4.98 40 49 0.16 8.16 7.39 2.01 
10 10.58 4.82 1.19 0.23 7.96 5.88 
PB8A I 3.90 1.26 50 0.46 8.46 3.27 1.57 
6 5.78 0.36 8.25 4.57 1.92 
8 4.69 0.53 8.33 4.55 3.39 
PBIB 12 10.58 5.57 1.39 8.26 5.93 0.59 
17 10.53 5.23 1.11 8.21 7.28 2.36 
19 10.51 5.15 1.06 8.25 6.15 1.82 
20 10.52 6.03 1.57 8.26 6.47 4.18 
KM2A I 8.63 5.32 68 8.41 1.73 0.88 
5 8.75 7.54 0.85 0.42 8.25 2.04 2.65 
7 8.61 4.90 0.34 8.39 1.82 0.00 
8 8.62 5.11 0.63 0.30 8.27 1.68 0.84 
10 8.53 4.86 0.20 8.47 1.53 1.23 
11 8.46 5.15 0.89 0.26 8.13 2.36 3.00 
13 8.33 5.15 0.29 8.49 2.31 0.88 
14 8.32 4.56 0.82 0.34 8.56 2.16 1.87 
16 8.18 6.36 0.37 8.32 2.54 
22 7.83 4.94 0.19 8.42 2.49 
23 7.67 4.23 0.23 8.59 2.22 0.39 
KM2B I 7.20 4.77 0.74 8.26 2.32 
5 7.07 5.57 0.28 8.33 1.41 0.74 
KM2B 6 7.01 5.65 0.34 8.39 1.26 0.00 
7 7.01 4.77 0.29 8.28 1.25 1.57 
10 6.70 4.90 0.31 8.34 1.93 1.08 
II 6.71 5.86 0.70 0.37 8.35 1.78 0.00 
12 6.59 4.61 0.26 8.31 1.34 0.98 
14 6.45 4.77 0.82 0.27 8.23 2.36 0.88 
15 6.43 4.61 0.85 0.35 8.36 2.21 1.13 
18 5.97 6.53 0.34 8.21 1.55 
19 6.12 4.48 8.56 2.01 
KM2A 25 8.43 5.40 64 0.68 8.59 2.28 
35 7.94 4.94 8.26 2.56 
KR413 8 9.65 4.04 8.39 2.53 2.01 
14 9.29 4.16 8.34 2.96 4.18 
15 9.31 4.19 8.23 2.45 2.41 
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Appendix L (cont.). Seasonal trace and minor element variations from ion microprobe analyses, 
expressed as mmol mol- I Ca (Sr and Mg) and l.trnol mol Ca (all other elements). Correction factors 
have been applied to Rb, Sr and Ba data as necessary to compensate for calibration differences 
between sessions. Relative yearly positions (RYP) are calculated by dividing the distance of the sample 
along the fluorescent couplet by the width of the couplet. Samples prefixed by II were deposited in the 
couplet November 1991 - November 1992; prefixed by 10 were in the couplet November 1990-
November 1991 etc. 






Ba Pb 	U 
March 1992 con!. 
KR4B 16 9.26 3.72 8.54 4.31 6.73 
17 9.25 4.07 8.32 4.91 1.23 
18 9.38 3.87 8.55 3.90 0.64 
19 9.37 3.52 8.71 3.43 
21 9.63 4.73 8.42 3.47 
KR4A 60 10.60 5.15 8.27 7.28 
66 10.31 3.95 8.54 4.59 
69 10.13 4.69 8.35 3.82 
KMIE 2 7.55 3.45 8.56 9.92 
5 7.17 4.08 8.63 8.25 
6 7.16 4.23 8.35 6.63 
8 6.93 3.65 8.41 4.61 
II 6.64 3.73 8.52 6.31 0.29 
12 6.63 3.42 8.52 5.72 
PBIC 	12 10.17 5.07 8.16 6.26 
14 10.29 5.11 8.63 6.26 
17 10.30 5.69 8.31 5.16 3.68 
May 1992 
KMIF 	1 6.13 3.73 0.34 0.72 8.42 1.36 3.15 
2 6.23 4.61 0.16 0.33 8.32 1.93 4.45 
5 6.38 3.96 0.56 0.35 0.74 8.35 2.83 6.53 
6 5.97 4.40 0.09 0.18 8.70 1.63 3.76 
9 5.90 4.13 0.35 0.14 0.30 8.45 1.87 4.32 
10 5.88 4.77 0.11 0.24 8.61 1.60 3.69 
II 5.80 5.32 0.11 0.23 8.60 2.42 5.59 
12 5.79 5.44 0.19 0.41 8.68 3.03 7.00 
AQ8E 3 9.62 3.50 0.94 0.08 0.17 8.93 1.12 2.59 
4 9.64 4.56 1.04 0.11 0.24 8.47 1.25 2.90 
6 9.54 4.77 0.13 0.28 8.68 1.53 3.53 
7 9.49 3.80 0.19 0.42 8.99 1.60 3.70 
9 9.38 4.98 0.08 0.17 8.79 1.38 3.19 
II 9.37 3.80 0.12 0.26 9.07 1.35 3.12 
12 9.34 4.82 0.03 0.07 8.78 1.21 2.79 
13 9.23 4.40 0.67 0.03 0.06 8.99 1.20 2.78 
15 9.17 4.07 0.05 0.10 8.76 1.39 3.22 
18 9.06 4.31 0.07 0.16 8.74 1.85 4.27 
KMIE 19 7.65 3.76 0.33 0.12 0.26 8.93 2.65 6.12 
20 7.24 4.27 0.08 0.17 8.71 3.32 7.66 
22 7.17 4.23 0.41 0.28 0.59 8.53 3.58 8.28 
23 7.06 4.82 0.30 0.15 0.33 8.81 2.19 5.06 
26 6.74 3.68 0.43 0.18 0.38 8.77 3.11 7.18 
27 6.78 4.17 0.17 0.37 8.70 3.24 7.47 
33 6.63 4.14 0.12 0.26 9.18 4.04 9.34 
KM2A 37 8.74 4.61 0.17 0.36 8.50 0.79 1.83 
38 8.31 4.82 0.14 0.30 8.45 0.66 1.53 
39 8.02 4.69 0.13 0.28 8.46 1.00 2.31 
41 8.04 4.82 0.17 0.37 8.71 0.96 2.21 
42 7.58 5.78 0.07 0.15 8.50 0.94 2.18 
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Appendix L (cont.). Seasonal trace and minor element variations from ion microprobe analyses, 
expressed as mmol mol- 1 Ca (Sr and Mg) and 1.tmol mol Ca (all other elements). Correction factors 
have been applied to Rb, Sr and Ba data as necessary to compensate for calibration differences 
between sessions. Relative yearly positions (RYP) are calculated by dividing the distance of the sample 
along the fluorescent couplet by the width of the couplet. Samples prefixed by 11 were deposited in the 
couplet November 1991 - November 1992; prefixed by 10 were in the couplet November 1990-
November 1991 etc. 






Ba Pb U 
May 1992 cont. 
KM2A 43 7.57 4.65 0.16 0.34 8.63 1.21 2.79 
44 7.79 4.94 0.15 0.33 8.54 1.28 2.95 
45 7.80 0.09 0.20 8.73 1.34 3.10 
KM2B 22 6.76 4.77 8.57 0.97 2.25 
24 6.65 4.61 8.57 0.68 1.56 
28 6.20 4.65 8.55 1.68 3.87 
30 5.85 5.74 7.69 1.37 3.15 
KMIG 3 4.82 4.82 0.20 0.43 8.75 4.39 10.15 
4 4.83 4.27 0.65 0.17 0.37 8.69 3.32 7.66 
5 4.73 4.17 0.57 0.12 0.26 8.66 4.96 11.47 
II 4.94 3.68 8.66 3.08 7.11 
12 5.01 3.99 8.71 3.09 7.13 
KMIF 21 6.09 4.40 8.55 1.70 3.93 
January 1993 
AQ8K 6 10.64 4.61 43 0.42 7.80 8.42 3.35 3.10 0.40 
8 10.47 3.48 33 	1.33 	32 0.26 7.76 8.38 3.10 1.57 0.29 
AQ81, 	I 10.69 3.84 51 0.58 7.76 8.38 2.37 0.00 0.23 
3 10.67 4.44 53 	 53 0.27 7.46 8.06 2.42 0.00 0.17 
9 10.43 3.79 0.45 7.76 8.38 2.04 1.67 0.30 
AQ8D 	1 10.64 4.31 0.57 7.99 8.63 3.77 2.80 0.18 
2 10.58 4.40 51 0.39 7.81 8.43 2.54 0.30 
7 10.19 4.19 0.07 7.73 8.34 2.42 0.00 
II 9.99 5.07 0.27 7.77 8.39 2.57 0.10 
AQ8K II 10.27 0.62 7.91 8.54 2.33 0.18 
KMID 9.04 4.44 47 	0.85 0.32 7.95 8.58 5.93 0.25 
4 8.87 4.77 0.94 0.46 7.95 8.58 5.95 0.28 
5 8.75 3.90 0.48 7.88 8.51 5.37 0.25 
KMID 9 8.36 4.82 49 	 53 0.34 7.89 8.52 6.13 0.00 0.15 
10 8.23 3.06 33 0.19 8.12 8.77 7.40 0.00 0.09 
KMIF 22 6.31 4.01 39 0.52 8.09 8.73 3.79 1.23 0.26 
23 6.12 3.26 44 0.60 8.06 8.71 4.58 0.24 
24 5.90 4.90 0.27 7.80 8.42 4.00 0.23 
25 5.79 5.36 0.27 7.96 8.59 6.51 0.23 
26 5.70 8.09 8.73 5.93 
KMIE 37 7.14 3.87 40 	1.15 0.23 7.75 8.37 5.75 0.13 
38 6.91 3.45 0.37 8.03 8.67 4.96 0.25 
AQ8D 12 10.49 4.52 0.48 7.75 8.37 2.69 0.20 
15 10.34 3.45 0.38 7.97 8.61 2.78 0.22 
16 10.26 4.52 0.23 7.92 8.56 2.48 0.19 
17 9.99 4.52 0.24 7.74 8.36 2.56 0.08 
KMID 17 8.96 5.02 0.42 7.88 8.51 5.88 0.11 
18 8.48 4.90 0.39 7.85 8.48 5.40 0.16 
21 7.93 4.69 49 0.33 7.87 8.49 6.50 0.24 
23 7.15 4.31 0.51 7.85 8.48 3.99 0.27 
AQ8F 	I 8.99 4.69 0.32 7.96 8.59 1.87 0.15 
2 8.91 3.88 0.25 7.82 8.44 2.11 0.20 
3 8.91 4.18 0.49 7.66 8.27 2.47 0.19 
4 8.86 4.23 0.41 7.98 8.62 2.58 0.18 
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Appendix L (cont.). Seasonal trace and minor element variations from ion microprobe analyses, 
expressed as mmol mol- I Ca (Sr and Mg) and .imol mol Ca (all other elements). Correction factors 
have been applied to Rb, Sr and Ba data as necessary to compensate for calibration differences 
between sessions. Relative yearly positions (RYP) are calculated by dividing the distance of the sample 
along the fluorescent couplet by the width of the couplet. Samples prefixed by II were deposited in the 
couplet November 1991 - November 1992; prefixed by 10 were in the couplet November 1990 - 
November 1991 etc. 






Ba 	Pb 	U 
January 1993 cont. 
AQ8F 5 8.83 4.48 0.25 7.85 8.48 2.55 0.21 
6 8.87 4.73 0.49 7.76 8.38 2.20 0.16 
8 8.82 4.82 0.41 7.74 8.36 2.18 0.21 
9 8.73 4.23 0.45 7.82 8.44 3.03 0.30 
12 8.66 0.36 8.33 9.00 2.63 0.22 
13 8.61 4.73 0.31 7.53 8.13 2.49 0.12 
16 9.00 4.27 	58 	2.13 0.34 7.59 8.19 2.27 0.16 
KR6C 2 8.76 5.19 0.48 7.68 8.29 3.72 0.21 
5 8.51 4.82 0.31 7.39 7.98 2.52 0.23 
8 8.93 4.61 0.41 7.31 7.89 5.40 0.12 
KR613 	1 9.58 4.94 0.56 7.23 7.80 2.83 0.12 
2 9.48 4.31 0.36 7.34 7.93 3.49 0.11 
5 9.15 6.32 0.81 6.87 7.42 2.62 0.38 
KR6A 	1 10.63 5.36 0.73 7.12 7.69 5.13 0.11 
3 10.44 5.07 0.52 7.26 7.84 5.22 018 
6 10.27 4.98 0.32 7.59 8.19 6.07 0.21 
7 10.19 5.28 0.21 7.69 8.31 6.11 0.14 
13 9.80 5.15 0.36 7.62 8.23 3.40 0.21 
PB9A 	1 10.51 3.95 0.53 7.68 8.29 2.16 0.23 
2 10.43 4.19 0.31 7.91 8.54 2.02 0.19 
4 10.29 4.86 0.43 7.68 8.29 1.80 0.15 
6 10.08 4.61 0.34 7.69 8.31 1.81 0.12 
8 9.89 6.03 0.38 7.75 8.37 1.02 0.17 
9 10.59 4.35 0.39 7.78 8.41 2.68 0.23 
AQ8K 17 10.62 3.81 0.45 7.67 8.28 3.15 0.20 
KR6B 9 9.58 4.61 7.45 8.04 2.59 
12 9.15 4.73 7.46 8.06 2.56 
13 9.72 6.45 7.57 8.18 4.18 
Me 
Appendix M. Seasonal variations in Sr concentration determined by XRF analysis. Relative yearly 
positions (RYP) are calculated by dividing the distance of the sample along the fluorescent couplet by 
the width of the couplet. Samples prefixed by 11 were deposited in the couplet November 1991 - 
November 1992; prefixed by 10 were in the couplet November 1990 - November 1991 etc. 
Sample RYP Sr (ppm) Sample RYP Sr (ppm) 
PB9 PB8 
1 10.625 7110 1 10.625 7146 
2 10.375 7151 2 10.375 7135 
3 10.125 7069 3 10.125 7239 
4 9.859 7207 4 9.917 7173 
5 9.578 7078 5 9.750 7162 
6 9.328 7014 6 9.583 7141 
7 9.109 6998 7 9.417 7153 
8 8.866 7131 8 9.250 7257 
9 8.600 7179 9 9.083 7186 
10 8.350 7071 10 8.917 7163 
11 8.117 7133 11 8.750 7145 
12 7.921 7110 12 8.583 7154 
13 7.762 7159 13 8.417 7158 
14 7.603 7190 14 8.250 7110 
15 7.437 7431 15 8.083 7203 
16. 7.262 7109 16 7.875 7121 
17 7.087 7238 17 7.625 7146 
18 7.375 7107 
19 7.125 sample lost 
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